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SOMMAIRE 
Les interactions entre traits physiologiques et comportementaux sont à la base de notre 
compréhension de la vie. Cette thèse est la première à porter sur les aspects énergétiques des 
différents types de personnalité, profitant ainsi d'une révolution dans le domaine du 
comportement animal pour porter un regard nouveau sur un champ de recherche actif depuis 
plusieurs années, l'énergétique. D'abord, la personnalité peut influencer les mesures de taux 
métabolique au repos (RMR) puisque la principale méthode utilisée pour mesurer le RMR 
implique la manipulation des individus (stress) et des aspects de nouveauté (chapitre I). À part 
cet effet potentiel, la personnalité devrait être reliée aux dépenses énergétiques puisque 
l'exploration, l'agressivité et l'activité sont des comportements énergétiquement coûteux 
(chapitre I). Le lien personnalité-métabolisme est un aspect fondamental de l'hypothèse du 
syndrome « train-de-vie » proposant que les traits d'histoire de vie, comportementaux et 
physiologiques coévoluent afin d'optimiser l'aptitude phénotypique des individus le long d'un 
continuum « lent-rapide ». L'hypothèse du syndrome « train-de-vie » a été testée à l'aide de 
plusieurs modèles à des niveaux de variation biologiques différents (individus, races, espèces) 
et ce, en laboratoire et sur le terrain. Il est démontré à l'aide de la méthode comparative 
comment les différentes stratégies d'exploration sont fortement reliées au métabolisme basai 
et la primiparité chez les rongeurs muroïdes (chapitre lia). Ensuite, la littérature sur la biologie 
du chien domestique est mise à profit pour démontrer comment les races obéissantes ont une 
longévité accrue et que les races agressives présentent des niveaux élevés de dépenses 
énergétiques (chapitre lib). De plus, des analyses de génétique quantitative sont effectuées sur 
une population de souris sylvestres maintenues en laboratoire afin de démontrer l'existence 
d'une corrélation génétique entre le RMR et l'activité d'exploration dans un environnement 
nouveau (chapitre Illa). Finalement, plusieurs données physiologiques ont été récoltées sur 
une population sauvage de tamias rayés, permettant de mettre la relation entre métabolisme et 
personnalité dans un contexte environnemental changeant (chapitre Illb) ainsi que d'évaluer le 
coût énergétique du parasitisme (chapitre IV). Les liens entre la personnalité et le métabolisme 
ne sont pas constants entre les espèces, ce qui suggère que les dépenses énergétiques et le 
comportement peuvent interagir via plusieurs mécanismes. 
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Two salient attributes of superior science 
are originality of conception and generality of application 
(Bartholomew 1982) 
INTRODUCTION 
L'écophysiologie comportementale 
L'étude de la physiologie et du comportement animal sont des champs de recherche 
importants en écologie évolutive et y jouent des rôles complémentaires. En effet, une bonne 
compréhension de la physiologie aide souvent à interpréter un comportement, et vice versa 
(Cabanac, 1996). Plusieurs contraintes environnementales, telles que la disponibilité en eau et 
en nourriture, ont forcé l'interaction entre mécanismes physiologiques et comportementaux. 
Ainsi, l'intégration de la physiologie et du comportement dans une perspective évolutionniste 
- l'écophysiologie comportementale - aide à comprendre la fonction des organismes dans la 
nature (Bartholomew, 2005; 1964). 
La variabilité des traits et leur fonction 
Qu'un trait soit physiologique ou comportemental, sa variabilité entre les individus d'une 
même espèce est le matériel brut sur lequel la sélection naturelle agit, alors que la variation 
entre les espèces en est supposément le résultat. D'une part, les études /'«/ra-spécifiques 
peuvent nous éclairer sur les facteurs proximaux responsables de la variation d'un trait et ses 
mécanismes. Par exemple, la taille relative de certains organes (c.-à-d. cœur, foie, intestins, 
reins) explique une grande partie de la variation en taux métabolique au repos (RMR) entre les 
individus (Konarzewski & Diamond, 1995). D'autre part, les études mter-spécifïques sont 
inévitablement vouées à la recherche des causes ultimes de la variation d'un trait (Cruz-Neto 
& Bozinovic, 2004). Par exemple, nous savons que certaines variables environnementales 
telles que la température et la disponibilité en eau, influencent l'évolution du RMR puisqu'il 
existe des différences marquées entre le RMR des espèces désertiques et arctiques (Careau et 
al., 2007). L'intégration des approches inter- et /w/ra-spécifiques est souvent nécessaire pour 
comprendre la nature adaptative d'un trait. 
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Études en laboratoire versus en nature 
Les études réalisées en laboratoire ont l'avantage de pouvoir garder « toutes » les variables 
constantes à l'exception de celle d'intérêt. Ainsi, le laboratoire offre la précision nécessaire 
pour élucider en détail les mécanismes physiologiques et comportementaux. À l'inverse, il est 
impossible de contrôler l'ènvironnement lorsqu'on étudie ces mêmes mécanismes en milieu 
naturel. La nature « incontrôlée » d'une étude sur le terrain rend l'identification des relations 
de causes à effets plus compliquée. Cependant, les résultats obtenus sur le terrain se placent 
naturellement dans un contexte évolutif, ce qui est souvent difficile à faire lors d'étude en 
laboratoire (Costa & Sinervo, 2004). Seules les études réalisées sur le terrain, en reliant un 
trait à une valeur adaptative, peuvent identifier les processus responsables pour le maintien de 
la variation héritable en nature (Goldstein & Pinshow, 2006). Il n'y a pas une approche 
meilleure que l'autre, car chacune possède ses forces et faiblesses. Encore une fois, 
l'intégration des différentes approches représente toujours la meilleure option. 
Ce projet de doctorat est novateur et hautement intégratif, car /-) il se situe à l'interface entre 
la physiologie et le comportement, »-) l'attention est portée sur les variations intra- et inter-
spécifiques en métabolisme et personnalité et iii-) les relations entre ces traits sont explorées 
dans la littérature (étude comparative) ainsi qu'en laboratoire et en milieu naturel. D'abord, je 
traite d'un domaine important en écologie et évolution, soit l'énergétique, pour ensuite aller du 
côté comportemental en introduisant et définissant un concept en pleine effervescence, soit la 
personnalité. C'est alors que les deux domaines de recherche seront réunis pour la première 
fois au niveau conceptuel (chapitre I, Careau et al., 2008). Ensuite, j'utilise la méthode 
comparative pour tester les liens possibles entre métabolisme, traits d'histoire de vie et 
personnalité chez les rongeurs (chapitre lia, Careau et al., 2009) et les chiens (chapitre lib, 
Careau et al., 2010b). Dans le chapitre III, je traite de la variation en métabolisme entre les 
individus d'une même espèce, chez la souris sylvestre en laboratoire (chapitre Illa) et le tamia 
rayé en nature (chapitre Illb). La personnalité est un concept permettant d'expliquer une partie 
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de la variation en métabolisme et vice versa. Enfin, le chapitre IV sur le parasitisme, nous 
rappelle que la personnalité n'est pas le seul facteur déterminant des dépenses énergétiques. 
Le métabolisme : une longe histoire de recherche sur le « feu de la vie » 
L'étude du taux métabolique est intimement liée à notre compréhension de la vie. De la 
préhistoire à Léonardo de Vinci (1452-1519), l'Homme savait que la vie animale dépend de 
l'air sans même savoir ce que l'air était. Ainsi, la respiration issue du métabolisme est un 
concept présent depuis les tous débuts de la compréhension de la vie. C'est dans les années 
1600 qu'est apparue l'idée que les animaux interagissent avec l'environnement de façon 
analogue au feu, grâce aux expériences du pionnier John Mayow (1643-1679). Il a créé le 
premier respiromètre quantitatif en plaçant une souris sous une cloche de verre sur une 
soucoupe remplie d'eau. Clairement, la souris consommait quelque chose dans l'air puisque le 
niveau d'eau augmentait. Les souris perdaient toujours la vie à un niveau donné qui 
correspondait curieusement à celui où la flamme de la chandelle s'éteignait. Ensuite, Joseph 
Priestley (1733-1804) a découvert un gaz nommé dioxyde d'oxygène, mais sans le savoir, 
puisqu'il a interprété ses observations dans le cadre de la théorie du phlogiston (substance 
contenue dans la matière combustible qui est relâchée durant la combustion). C'est grâce à 
Antoine Lavoisier (1743-1794) et quelques autres « antiphogistonistes » que la théorie du 
phlogiston s'écroule, avec Priestley comme dernier défenseur (Lighton, 2008). 
C'est Lavoisier qui nomma « oxygène » le gaz permettant le feu et la vie, et qui inventa la 
calorimétrie indirecte (la mesure du taux métabolique via consommation d'oxygène). Il a aussi 
été le premier à mesurer systématiquement le taux métabolique pour s'apercevoir aussitôt que 
cette mesure est hautement variable (Speakman et al., 2004). Il a documenté l'effet positif de 
la masse corporelle, l'activité physique et digestive des animaux sur le taux métabolique. Ses 
recherches ont pris une fin abrupte lorsqu'il fut guillotiné à l'âge de 50 ans par les 
révolutionnaires français. Nous avons dû attendre un autre siècle avant de voir autre percée 
majeure dans le domaine alors que les analyseurs de gaz ont fait leur apparition, permettant 
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ainsi de mesurer le métabolisme des animaux en temps réel. C'est au début du 20e siècle que 
la notion de taux métabolique au repos (RMR) est apparue. Il fallait résumer toutes les 
découvertes au sujet du taux métabolique et cela était naturellement plus facile lorsque les 
mesures étaient standardisées. Durant la première moitié du siècle, il y a eu de nombreuses 
mesures de RMR qui se sont accumulées, principalement sur des animaux domestiques. 
Celles-ci ont été regroupées dans un livre classique intitulé « The fire of life: an introduction 
to animal energetics », écrit par le physiologiste Max Kleiber. La question d'intérêt à l'époque 
consistait à savoir si la relation entre la masse corporelle et le métabolisme relevait d'une 
moyenne entre la loi de surface (exposant allométrique de 0.66) et la relation directe (exposant 
de 1), ce qui donnait, approximativement, un exposant de 0.75 (Hulbert & Else, 2004). 
Les mesures sur les espèces sauvages se sont également rapidement accumulées et aussitôt, il 
est devenu clair que même si le RMR est une mesure extrêmement rigoureuse (McNab, 1997), 
il existe d'énormes différences entre les espèces de mêmes tailles. Comment se fait'il qu'une 
espèce peut exister à un RMR 5 fois plus bas qu'une autre espèce de même taille? Laissés 
perplexes devant cette question, les écophysiolgistes se sont entretenus dans un grand débat 
sur les facteurs responsables des différences inter-spécifiques en RMR (McNab, 2002). 
Certains d'entre eux, le plus important de tous étant Brian K. McNab, se sont donné comme 
objectif de mesurer le RMR chez le plus d'espèces possible! Aujourd'hui, nous savons qu'il 
existe plusieurs facteurs responsables de la variation en RMR, tels que la diète, la phylogénie, 
le climat et la productivité environnementale. 
Dans ces analyses comparatives, chaque espèce est représentée par un seul point, comme si le 
RMR était fixé à un seuil invariable pour tous les individus de la même espèce. Récemment, 
John Speakman (2004) a attiré l'attention des physiologistes sur le fait que la variation 
individuelle en métabolisme est également très importante. Comparativement à un individu 
ayant un RMR bas, celui ayant un RMR élevé a besoin de collecter plus de nourriture pour 
rencontrer ses besoins énergétiques. Si les deux individus reçoivent là même quantité de 
nourriture, celui ayant le plus haut RMR aura moins d'énergie en surplus à investir dans la 
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reproduction ou l'expression d'activités couteuses telles que la défense du territoire. En posant 
la question : « quels sont les bénéfices d'un RMR élevé permettant d'en contrebalancer les 
désavantages potentiels? », Speakman a rendu appréciable la nature adaptative de la variation 
individuelle en RMR. Mais après une dizaine d'années de recherche intensive, les réponses à 
cette question ne sont toujours pas claires. Face à cette question, le physiologiste moderne est 
tel un homme préhistorique regardant le feu qui le réchauffe, à la fois crédule et fasciné. 
La personnalité : une longue histoire de recherche sur la variation individuelle 
À l'instar des physiologistes, les psychologistes se sont intéressés aux différences 
individuelles en comportement depuis le tout début. En fait, les différences individuelles 
constituent l'essence même de la personnalité. Depuis le temps des philosophes Grecs, 
l'Homme essaie de catégoriser la variation individuelle en comportement (et la physiologie 
sous-jacente). Francis Galton (1822-1911) a émis «l'hypothèse lexique» stipulant que les 
différences de personnalité les plus saillantes deviennent au fil du temps encodées dans le 
langage (Nettle & Penke, 2010). En 1936, Gordon Allport et H. S. Odbert ont 
scrupuleusement lu le dictionnaire Anglais de l'époque et retenu 17 953 mots faisant la 
description d'un trait de personnalité. De tous ces mots, 4 504 étaient à la fois descriptifs, 
observables et qui dénotent d'une certaine constance du comportement dans le temps. Dans les 
années 1940, Raymond Cattell a révisé la liste « Allport-Odbert » en y a ajoutant des termes 
tirés de la recherche en psychologie et en y éliminant les synonymes pour réduire le tout à un 
total de 171 mots. Il a ensuite demandé à des sujets de coter des gens qu'ils connaissaient de 
par les 171 adjectifs de la liste. L'analyse subséquente des cotes a fait ressortir 35 groupes 
majeurs de traits de personnalité pour lesquels Cattell a ensuite construit des tests de 
personnalité. Les données recueillies par ces tests ont été analysées avec la technologie 
informatique émergeante combinée à la méthode statistique de l'analyse factorielle. Cette 
analyse a réduit le nombre de traits de personnalité à 16 et ainsi donné naissance au modèle de 
personnalité à 16 facteurs. Au début des années 60, deux chercheurs de la Air Force (Ernest 
Tupes et Raymond Christal) ont utilisé le questionnaire de Cattell (à 16 facteurs) et ont noté 
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l'apparition récurrente de 5 facteurs, une trouvaille qui a été indépendamment répliquée par 
Warren Norman. Malheureusement, ces trouvailles ont été perçues par Cattell comme des 
attaques directes à l'endroit de son modèle à 16 facteurs et n'a jamais été d'accord avec le 
consensus grandissant pour le modèle à S facteurs. Ce Zeitgeist a rendu l'étude de la 
personnalité peu populaire. 
En 1980, alors que les recherches des pionniers Tupes, Christal et Norman avaient été oubliés, 
Lewis Goldberg a recommencé de façon indépendante son propre projet lexical pour trouver 
encore une fois les mêmes 5 facteurs. Goldberg a graduellement ramené la personnalité sous la 
loupe de psychologistes. En 1981, lors d'un symposium à Honolulu, Goldberg et trois autres 
chercheurs éminents de l'époque (Naomi Takemoto-Chock, Andrew Comrey et John M. 
Digman) ont revu en profondeur les différents tests de personnalité disponibles pour conclure 
que les tests qui étaient les plus prometteurs étaient ceux qui mesuraient un sous-échantillon 
de 5 facteurs (Costa & McCrae, 1985). S'en suivit l'acceptation à grande échelle du modèle à 
5 facteurs, que voici : 
1. la stabilité émotionnelle : propension à entrer dans un état émotionnel négatif, 
2. l'extraversion : propension à avoir confiance en soi et à chercher les sensations fortes, 
3. l'aeréabilité : propension à coopérer, à instaurer l'harmonie sociale, 
4. l'ouverture : attitude vis-à-vis l'inconnu. 
5. la méticulosité : propension à planifier d'avance et à suivre le plan. 
Afin de mesurer ces traits de personnalité, il existe des questionnaires qui échantillonnent 
plusieurs fois les différents traits et ce, de façon différente. Par exemple, on demande aux 
participants de coter à quel degré (de 1 à 5) ils sont en accord avec les énoncés suivants sur 
leur propre personne ou sur une connaissance : 
1. la stabilité émotionnelle : « je deviens stressé facilement », « je suis relax », 
2. l'extraversion ; « j'initie les conversations », « je n'ai souvent rien à dire », 
3. l'agréabilité : «j'insulte les gens », «je pense aux autres avant », 
4. l'ouverture : «j'ai de l'imagination », «je suis terre à terre », 
5. la méticulosité : «je remets les choses à leur place », « je les laisse traîner ». 
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L'utilisation massive de ces questionnaires durant les années 1990 a permis d'en apprendre 
beaucoup sur la personnalité humaine [ontogénie, hérédité, stabilité chez l'adulte, différences 
entre hommes et femmes, etc. (Costa et al., 2001)]. Un fait saillant de ces études est que dans 
la plupart de celles-ci, les traits de personnalité ne sont pas totalement indépendants les uns 
des autres (Gosling, 2001). Par exemple, une corrélation émerge souvent entre la stabilité 
émotionnelle et l'extraversion, de sorte que les gens qui ont tendance à avoir des émotions 
négatives ont tendance à être plus réservés et difficiles d'approche. Puisqu'un objectif 
récurrent en recherche sur la personnalité est de réduire le nombre de variables au minimum 
(passées de 17 9S3 à S depuis Galton à Goldberg!), ces corrélations sont perçues comme étant 
indésirables puisqu'elles introduisent de la redondance entre les variables. 
L'étude de la personnalité a longtemps été restreinte aux humains, pour la simple raison qu'il 
était difficile d'administrer un questionnaire à d'autres espèces. Il faut noter cependant qu'au 
début des années 1900, Ivan Pavlov, lauréat du Prix Nobel, avait rapidement reconnu la 
personnalité animale en étudiant le comportement du chien et avait émis sa vision dans 
laquelle plusieurs chercheurs ayant des connaissances variées devraient combiner leurs 
perspectives et procéder ensemble afin de comprendre les différences individuelles. Malgré 
cette vision lucide, l'étude de la personnalité est demeurée propre aux humains. Ainsi, la 
recherche sur la personnalité n'a pas pu tirer profit de la recherche sur les animaux, à l'instar 
des autres domaines majeurs de la psychologie tels que l'apprentissage, la perception, la 
mémoire, et la psychopathologie. Les psychologues dans ces domaines sont d'accord que 
l'étude des animaux permet d'aborder des questions qui sont difficiles ou impossibles à 
étudier sur les humains. Ainsi, les psychologistes ont démontré comment la personnalité 
humaine est autant diverse que complexe, comment elle se développe et comment elle est liée à 
plusieurs facteurs de notre vie (la santé, le bonheur, le succès). Cependant, les psychologistes 
d'aujourd'hui ne savent pas encore pourquoi la personnalité existe (Nettle, 2006; Penke et al., 
2007). Ce n'est que tout récemment que les psychologistes ont adopté une perspective 
évolutive afin d'élucider le mystère de la personnalité humaine (Gosling, 2001; Nettle, 2006; 
Penke et al., 2007). 
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La personnalité animale : nne révolution dans notre vision du comportement 
Ce n'est également que tout récemment que les écologistes se sont intéressés à l'étude de la 
personnalité animale, comme le démontre le nombre grandissant d'articles sur le sujet dans les 
principaux journaux d'écologie (figure 1). Cet intérêt grandissant pour la personnalité a été 
marqué par quelques articles « phares » dans le domaine (Dingemanse et al., 2002; Réale & 
Festa-Bianchet, 2003; Réale et al., 2000; Wilson, 1998; Wilson et al., 1994; Wilson et al., 
1993). Tour à tour, David Sloan Wilson, Andy Sih, Niels Dingemanse et Denis Réale ont 
agrandi la portée phylogénétique de la personnalité au-delà de l'espèce humaine, et par ce fait 
même, ont ouvert des nouvelles possibilités de recherche et soulevé plusieurs nouvelles 
questions sur les origines de la personnalité. 
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Figure 1. Nombre d'articles scientifiques publiés mentionnant les termes personality, 
temperament, behavioral syndromes, ou coping styles" dans certains périodiques en 
écologie et comportement animal (Trends in Ecology and Evolution, American Naturalist, 
Ecology Letters, Proceedings of the Royal Society of London B, Ecology, Evolution, 
Oecologia, Oikos, Journal of Animal Ecology, Animal Behaviour, Behavioural Ecology and 
Sociobiology, Behavioral Ecology). Huit de ces journaux sont dans le top 20 en écologie en 
termes de facteurs d'impact (Olden, 2007). 
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L'intérêt suscité par la personnalité animale est étonnant, mais peut-être pas tant que ça, 
considérant son ubiquité, ses mécanismes physiologiques et neuroendocriniens sous-jacents, 
son héritabilité et sa relation avec la valeur adaptative des individus en nature (Bell, 2007; 
Dingemanse et al., 2002; Dingemanse & Réale, 2005; Koolhaas et al., 1999; Réale et al., 
2000). Les différences en personnalité ont des conséquences sur la valeur adaptative des 
individus puisqu'elles sont reliées à la prédation (Bell & Sih, 2007; Réale & Festa-Bianchet, 
2003) et compétition pour les ressources (Dingemanse et al., 2004). Une méta-analyse récente 
démontre que la valeur adaptative des différents types comportementaux varie en fonction du 
contexte et de la situation (Smith & Blumstein, 2008). Par exemple, chez la mésange 
charbonnière (Parus major), le nombre de jeunes produits et la survie des individus affichant 
différents types de personnalité varient en fonction des sexes et des années (Dingemanse et al., 
2004). La présence de pressions de sélection de type «balançoire» est une explication 
évolutive possible pour expliquer le maintien des différences comportementales à travers le 
temps, car il n'existe aucun type de personnalité pouvant exceller dans toutes les situations à 
toutes les années (Penke et al., 2007). 
La nature holistique de la personnalité permet l'identification de suites de comportements 
corrélés à travers le temps et/ou les contextes (Bell, 2007; Sih et al., 2004a). Mais l'idée de la 
personnalité animale est controversée (Neff & Sherman, 2004), puisqu'elle va à rencontre 
d'une croyance populaire en écologie comportementale. En effet, les fervents de l'approche de 
l'optimalité pensent que la sélection naturelle a favorisé des optimums différents pour chaque 
situation écologique et ce, indépendamment des contextes. En d'autres mots, ils considèrent le 
comportement comme un trait « plastique » dont la moyenne peut s'ajuster au niveau optimal 
d'une situation à l'autre. Par exemple, les individus qui s'approvisionnent à partir d'un point 
central ajustent leur comportement de quête alimentaire en fonction de plusieurs paramètres 
tels que la distance à voyager et la présence de compétiteurs (Giraldeau et al., 1994). Par 
contre, de plus en plus d'études démontrent que la plasticité phénotypique est limitée et ce, 
même au niveau comportemental (DeWitt et al., 1998). La vision holistique du comportement 
animal peut nous aider à expliquer ce que les algorithmes de l'optimalité considèrent comme 
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étant du bruit autour d'une moyenne (Bell, 2007; Sih et al., 2004a). Les différences entre 
individus ne sont plus considérées comme le matériel brut sur lequel la sélection agit, mais 
bien le produit final de la sélection naturelle (Wilson et al., 1993). L'étude de la personnalité 
animale met l'emphase sur la variation autour des moyennes et tente de l'expliquer. Ainsi, la 
personnalité offre un cadre conceptuel prometteur pour comprendre comment les variations 
inter-individuelles comportementales (et physiologiques) peuvent être maintenues par la 
sélection naturelle. 
Pour que la personnalité soit utilisée à bon escient en écologie et évolution, Réale et al. (2007) 
l'ont définie comment étant « le maintien des différences individuelles en comportement à 
travers le temps ou entre les situations ». Réale et al. (2007) ont divisé la personnalité en cinq 
grandes catégories : 
1. l'exploration : réaction à une situation nouvelle. 
2. la docilité : réaction à une situation risquée, mais déjà rencontrée, 
3. l'activité : niveau d'activité motrice dans une situation non-nouvelle et non-risquée, 
4. l'agressivité : réaction agonistique envers un conspécifique, 
5. la sociabilité : réaction non-agressive à la présence ou absence de conspécifiques. 
Le but de cette catégorisation est de fonctionnaliser la notion de personnalité et de pouvoir la 
considérer et la mesurer au même titre que l'on peut mesurer un trait morphologique. Si on 
adopte la définition ci-haut, toute mesure comportementale peut être considérée comme une 
mesure de personnalité à condition qu'elle soit répétable. Cependant, il existe quelques 
méthodes « classiques » pour mesurer la personnalité animale. Le test de l'arène (hole board 
ou open field) et celui du nouvel objet mesurent l'activité exploratoire des animaux (Martin & 
Réale, 2008a; Walsh & Cummins, 1976). La réaction à la manipulation par les humains est 
une indication de la docilité (Réale et al., 2000). La réaction comportementale d'un individu 
devant un miroir constitue une mesure de son agressivité (Boon et al., 2007; Svendsen & 
Armitage, 1973). Plusieurs études effectuées en milieu naturel ont démontré l'importance 
écologique de ces mesures de personnalité (revu dans Dingemanse & Réale, 2005). Par 
exemple, l'exploration chez la mésange charbonnière, mesurée par le test de l'arène, est une 
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mesure répétable (r = 0.28-0.48), héritable (A2 = 0.22-0.41) et directement reliée à des facteurs 
écologiques important telle la dispersion (Dingemanse et al., 2002). Aussi, la docilité des 
femelles mouflons (Ovis canadensis) durant les captures et manipulations est une mesure 
répétable (r = 0.65) et reliée à la survie dans les années de forte prédation (Réale et al., 2000). 
L'agressivité chez l'écureuil roux (Tamiasciurus hudsonicus) femelle est une mesure répétable 
(r = 0.37) et directement reliée à la survie de sa progéniture (Boon et al., 2007). Il est bon 
signe que les écologistes évolutionnistes soient de plus en plus intéressés par la personnalité, 
car ces scientifiques sont bien équipés pour répondre aux questions auxquelles les 
psychologistes et physiologistes, fascinés par les différences individuelles, n'ont toujours pas 
été en mesure de répondre (Wilson et al., 1993). 
Objectif 
L'objectif général de mon doctorat est d'explorer les liens entre le métabolisme et la 
personnalité animale, d'abord au niveau conceptuel (chapitre I) et ensuite au niveau empirique 
(chapitres II et III). Puisqu'au moment de commencer mon doctorat, aucune étude n'avait 
traité des aspects énergétiques de la personnalité de façon explicite, la première étape était de 
lancer l'idée dans la littérature dans un article conceptuel (Careau et al, 2008). La publication 
de ce premier chapitre a permis de constater que l'idée est bien reçue autant par les 
physiologistes que les écologistes du comportement et qu'elle stimule beaucoup de discussion 
(e.g., Broggi et al., 2009; McNab, 2008; McNab, 2009; Sadowska et al., 2009). Les idées 
avancées dans cet article ont stimulé la réflexion de plusieurs chercheurs dans les deux 
domaines de recherche concernés (physiologie et comportement animal). D'ailleurs, cet article 
a déjà été cité 25 fois en date du 7 septembre 2010 (excluant les auto-citations). Ainsi, les 
scientifiques qui cherchent à savoir quels sont les facteurs responsables du maintien des 
différences individuelles en comportement peuvent penser que les différences énergétiques y 
sont pour quelque chose (Biro & Stamps, 2010; Sih & Bell, 2008). Un théoricien des plus 
renommés en écologie comportementale s'est même inspiré des idées lancées dans le forum 
pour construire un modèle évolutif (Houston, 2010). Aussi, les scientifiques qui cherchent à 
11 
comprendre quels sont les facteurs déterminants des dépenses énergétiques chez les 
mammifères pensent maintenant que les différences en personnalité y sont pour quelque chose 
(Boratynski & Koteja, 2009; McNab, 2009). Finalement, les écologistes évolutionnistes qui 
cherchent à comprendre quels sont les facteurs déterminants des stratégies d'histoires de vie 
lentes vs rapides peuvent facilement intégrer les liens entre personnalité et métabolisme et 
penser que l'interaction entre ces composantes est une composante majeure du « train de vie ». 
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Scientific breakthroughs, 
from the simplest innovations to sweeping intellectual revolutions, 
are characterized by the transformation of existing ideas and information 
(Bartholomew, 2005) 
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CHAPITRE I 
Métabolisme et personnalité animale : enfin réunis ! 
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CHAPITRE la 
ENERGY METABOLISM AND ANIMAL PERSONALITY 
Description de l'article et contribution 
Alors que nous recevions l'acceptation officielle de cet article, Don Thomas nous a envoyé un 
courriel faisant l'historique de ce chapitre. II est bon de le relire : "...a quick run-down on its 
history. Ifirst tossed out the idea of doing a review over beer at the UQAM pub on Sherbrooke 
street. J suggested that it would be a good way for Vincent to get a grip on the literature. I had 
previously had two very good experiences with this approach [...]. I did not know the 
literature on personality and I did not see much serious link between personality and MR, but 
I did think it was worth exploring. Vincent and I chatted informally a couple of times over the 
following couple of months, but never in great detail. Roughly 5 months after the initial 
suggestion, Vincent gave me an MS that was rough, but showed promise. I worked a couple of 
days on it while I was down in Maine looking out over the ocean near Scarborough. After that 
Murray gave some excellera input that was entirely complementary to my comments and 
approach. Vincent discussed the theory and personality with Denis regularly throughout the 
process, leaving the actual writing to Vincent, Murray and I. (Too many cooks (=writers) 
spoils the broth.) After the initial positive reviews, we all gave substantial input, smoothing the 
arguments and presentation, but Vincent remained chef d'orchestre. The final product has 
strong signals from Réale, Humphries and Thomas, but it remains a paper and a topic over 
which Vincent had maintained almost total control. I am particularly satisfied/proud of his 
ability to take control and lead the development of a conceptual article involving 3 senior 
researchers who have "strong personalities". I am not at all sure that I could have done as 
well myself. I am also particularly satisfied with the way Vincent read, integrated, and 
interpreted a huge and diverse literatureJe pense qu'il ne peut y avoir de meilleure 
description de l'article et contribution de chacun. 
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ENERGY METABOLISM AND ANIMAL PERSONALITY 
par 
VINCENT CAREAU, DONALD W. THOMAS, MURRAY M. HUMPHRIES & DENIS 
RÉALE 
Oikos, 2008,117:641-653 
Abstract 
In this paper we show how animal personality could explain some of the large inter-individual 
variation in resting metabolic rate (MR) and explore methodological and functional linkages 
between personality and energetics. Personality will introduce variability in resting MR 
measures because individuals consistently differ in their stress response, exploration or 
activity levels, all of which influence MR measurements made with respirometry and the 
doubly-labelled water technique. Physiologists try to exclude these behavioural influences 
from resting MR measurements, but animal personality research indicates that these attempts 
are unlikely to be successful. For example, because reactive animals "freeze" when submitted 
to a stress, their MR could be classified as "resting" because of immobility when in fact they 
are highly stressed with an elevated MR. More importantly, recent research demonstrating 
that behavioural responses to novel and highly artificial stimuli are correlated with both 
behaviour and fitness under more natural circumstances calls into question the wisdom of 
excluding these behavioural influences on MR measurements. The reason that intra-specific 
variation in resting MR are so weakly correlated with daily energy expenditure (DEE) and 
fitness, may be that the latter two measures fully incorporate personality while the former 
partially excludes its influence. Because activity, exploration, boldness, and aggressiveness 
are energetically costly, personality and metabolism should be correlated and physiological 
constraints may underlie behavioural syndromes. We show how physiological ecologists can 
better examine behavioural linkages between personality and metabolism, as required to better 
understand the physiological correlates of personality and the evolutionary consequences of 
metabolic variability. 
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Introduction 
Although inter-individual variation in phenotypic traits is omnipresent, it has historically been 
considered to be noise superimposed on the evolutionarily important signal, the population 
mean. Recently, however, researchers from a broad array of ecological sub-disciplines -
population biology (Bolnick et al., 2003), epidemiology (Lloyd-Smith et al., 2005), 
endocrinology (Williams, 2008), behavioural ecology (Réale et al., 2007; Sih et al., 2004a; 
Wilson et al., 1994), and physiology (Bennett, 1987, this paper) - have begun to consider 
inter-individual variation as an important ecological and evolutionary characteristic of wild 
populations. The burgeoning field of animal personality seeks to explain the maintenance of 
variation in numerous behavioural traits, including exploration, boldness, activity, and stress 
response among others, by examining their fitness in a variety of ecological, developmental, 
and demographic contexts. In this forum, we argue that personality may explain some of the 
large observed variation in rates of energy metabolism in animals and we explore potential 
synergies between personality and metabolism research. 
Energy metabolism: the mystery of intra-specific variation 
Energy is the common currency of life, as it fuels biological processes at every level of 
organization. Metabolic rate (MR) - the rate at which an animal oxidizes substrates to 
produce energy - is thus a fundamental measure in ecology and evolution (Brown et al., 
2004). The MR of an animal while behaving normally in its natural habitat averaged over the 
course of a day is termed field MR or daily energy expenditure (DEE). DEE is usually 
measured using doubly-labelled water and, over the last several decades, has been measured 
on an expanding number of species (Anderson & Jetz, 2005; Speakman, 1997). To date, 
however, basal and resting MR are by far the most-studied aspects of energy metabolism in 
vertebrates (Cruz-Neto & Bozinovic, 2004; McNab, 2002). Differences between basal and 
resting MR refer to the laboratory conditions under which 02-consumption or CC>2-production 
of an animal is measured by respirometry. Basal MR is the lowest measured MR of a post-
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absorptive, normothermic adult individual in its thermoneutral zone during its inactive period 
(McNab, 1997). Resting MR is a slightly less rigorous measure because it allows violation of 
some "basal" conditions, such as post-absorptive state, while still requiring that the animal is 
resting in its thermoneutral zone (Speakman et al., 2004). Because the difference between 
basal and resting MR is generally small, the two terms are often used interchangeably in the 
literature. For this reason we will refer to both as resting MR to simplify terminology in this 
paper. 
The rationale behind measuring the MR of an animal under standardized conditions is to 
obtain a repeatable (Nespolo & Franco, 2007; but see Russell & Chappell, 2007) measure of 
the minimal metabolic level required to maintain physiological homeostasis, or the minimal 
cost of living (Hulbert & Else, 2004). In this view, resting MR is the "idling cost" of the 
metabolic machinery required to support a given lifestyle or rate of DEE (Mueller & 
Diamond, 2001). Inter-specific variation in resting MR reflects evolution of the metabolic 
machinery necessary to generate high MR during energetically demanding periods such as 
reproduction and sustained physical activity (Daan et al., 1990). "Fast" species with lifestyles 
involving high DEE are forced to process more food and inevitably excrete more waste 
products at a faster rate, which presumably leads to an increase in the relative masses of 
organs involved in these processes, compared with "slow" species. Even though heart and 
kidneys constitute a small fraction of an animal's lean body mass (Mb) they have very high 
mass-specific MR and contribute disproportionately to the whole-animal resting MR. For 
example, heart and kidney mass explain 50% of mass-corrected resting MR variation in 22 
bird species (Daan et al., 1990). Resting MR usually represents 30-40% of DEE in free-living 
animals (Ricklefs et al., 1996; Speakman et al., 2003) and inter-specific comparisons show a 
positive correlation between resting MR and DEE, suggesting a functional link between the 
two (Daan et al., 1990; Nagy et al., 1999). To date, resting MR has been measured for over 
600 mammal and 300 bird species (McNab, 2002; Speakman, 2005; White & Seymour, 2004). 
Body mass (Mb) is the main factor explaining inter-specific variation in resting MR, 
accounting for up to 95% of the variation (Fig. 1). Recent comparative studies have shown 
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that factors such as phylogeny, climate, water accessibility, temperature, habitat productivity, 
and diet explain some of the remaining 5% of inter-specific variation in resting MR (Careau et 
al., 2007; Lovegrove, 2003; McNab, 2002; Williams et al., 2004). These comparative studies 
show that resting MR is a physiological trait of ecological and evolutionary importance, since 
it can respond to selective pressures as species exploit different ecological conditions. 
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Fig. 1. Inter-specific variation in resting metabolic rate (MR) of 530 mammal species 
across a 5-order-of-magnitude range in body mass (data from Lovegrove, 2000). 
Although body mass explains 95% of the variation in resting MR observed across all 
mammals, within narrower ranges of body size variation mass accounts for a much 
smaller proportion of resting MR variation. For example, from 100 to 200g (inset), mass 
accounts for only 17% of variation in MR which varies 3.6-fold between 133g tenrecs 
(Hemicentetes semispinosus; 64 mlCh'hr"1) and 139 g cotton rats (Sigmodon hispidus; 230 
ml02'hr"!; squares). Large differences in resting MR of similar-sized mammals occurs at 
all body masses, including a 6.4-fold difference between the MR of 8.1g shrews (Sorex 
araneus; 60.2 mlC^-hr"1) and 8.5g roundleaf bats (Hipposideros galerhus; 9.4ml02 hr"1; 
black circles) and a 4.8-fold difference between the resting MR of 8kg wild dogs (Lycaon 
pictus; SSélmlCVhr"1) and 10kg echidnas (Zaglossus bruijni; 1215 mKVhr'1; triangles). 
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At the intra-specific level Mb has a far weaker — •sometimes non-significant (Johnston et al., 
2007b) - effect on resting MR (Fig. 2). Despite rigorous standardization of lab measurement 
conditions, there remains considerable inter-individual variation in resting MR (Speakman et 
al., 2004). Evolutionary physiologists recognize the importance of individual variation as the 
grist for evolution and adaptation at the population and species levels and frequently invoke 
this variability to explain intra-specific diversity in a variety of ecological variables such as 
competitive ability, parasite load, social rank, mate choice, habitat selection, or migratory 
patterns at the individual level (McNab, 2002; Townsend & Calow, 1981). Resting MR is 
supposedly subjected to selection, as it shows heritability values ranging from 10 to 40% 
(Dohm et al., 2001; Nespolo et al., 2003a; Ranning et al., 2007; Sadowska et al., 2005). 
However, attempts at explaining intra-specific variation in resting MR continue to be much 
less successful than inter-specific comparisons (Geluso & Hayes, 1999; Speakman et al., 
2004; Vézina et al., 2006). Many studies of intra-specific variation focus oh differences 
between populations (Careau et al., 2007; Lahti et al., 2002; Thomas et al., 2001a), as though 
the mean (a population statistic) were inherently more important than variation around the 
mean (the individual measures). This focus on central tendencies was described 20 years ago 
as the "tyranny of the Golden Mean" by Bennett (1987). Although the analysis of inter-
individual variation in resting MR offers the potential to link energy metabolism to other fields 
such as ecology, behaviour, evolution and genetics, it continues to receive insufficient 
attention in physiological studies (Hayes & Jenkins, 1997). How else can we explain the feet 
that a difference as small as 10% (often less!) between the mean resting MR of two 
populations, groups, or treatments can be the subject of pages of discussion while variation as 
large as 200% in resting MR among individuals does not even merit mention (e.g. Mathias et 
al., 2006; Meagher & O'Connor, 2001; Scantlebury et al., 2007; Thomas et al., 2001a)? Many 
comparative eco-physiologists may implicitly assume that among-individual variation in 
resting MR is simply noise that has the undesirable effect of obscuring an underlying 
ecological or evolutionary signal. Williams (2008) has recently raised the same critique with 
regard to inter-individual variation in hormone levels. 
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Fig. 2. Inter-individual variation in resting metabolic rate (MR) of 78 adult Peromyscus 
maniculatus held under lab conditions. Body mass explains 18% of the variance in 
resting MR. Although individuals a and p have similar body mass, their resting MR 
varies from 25 to 59 ml O2 * hr"1, a 2.4-fold difference. 
Metabolic (and hormonal) measurements do indeed include noise, which may be partitioned 
into two main categories - measurement error (equipment and calculation error) vs biological 
variation which is an attribute of the individual being measured and may not be "error" at all. 
Measurement error in animal respirometry studies may originate from a variety of sources. 
Among others, these include drift in gas analyzers, errors in flow rate, incomplete scrubbing of 
gases, error in ambient or body temperature (Tb) measurements, and incorrect assumptions of 
respiratory quotient (Koteja, 1996b; Witters, 2001). However, due to refinements in 
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equipment electronics; the increasing use of mass-flow controllers, and rigorous 
standardization and calibration of open-circuit respirometry systems equipment and 
calculation-based errors are typically small and likely amount to an error variance of about 5-
10% of the measured value (Speakman et al, 2004). Indeed, repeatability studies suggest that 
little of the variation in resting MR can be attributed to analytical imprecision (Johnstone et 
al., 2005; Nespolo & Franco, 2007). Visual inspection of plots of resting MR vs Mb in birds 
and mammals typically indicates up to six fold inter-specific variation (Fig. 1) and two-fold 
intra-specific (Fig. 2) variation in the resting MR of similar-sized animals. Biological variation 
introduced by differences in the attributes of individuals thus seems to be far more important 
than measurement error. 
Physiologists have long recognized that a variety of ecological factors can influence an 
individual's resting MR, such as diet composition (Cruz-Neto & Bozinovic, 2004) local or 
seasonal acclimation (Broggi et al, 2007), and parasite load (Delahay et al., 1995; Scantlebury 
et al, 2007). Morphological attributes, such as lean Mb and the relative size of metabolically-
active vs inactive tissues and organs (e.g. brain, liver, kidney, heart, and digestive tract vs fat, 
bones, water, hair or feathers) introduce variation in C>2-consumption for an animal of a given 
Mb (Brzek et al., 2007; Johnstone et al., 2005; Russell & Chappell, 2007). In mice (Mus 
musculus) for example, the liver alone can explain up to 33.5% of the residual variation in 
resting MR although it represents 5% of total tissue mass (Selman et al., 2001). However, 
there is little emerging consensus on the effects of organ size on resting MR, with several 
thorough studies explaining a relatively small proportion of observed intra-specific variation 
in metabolism (Konarzewski & Diamond, 1995; Koteja, 1996a; Krol et al., 2003). 
Furthermore, the organs identified as significant contributors to resting MR differ widely 
among studies (see Speakman et al, 2004). Clearly, there are large inter-individual 
differences in resting MR still unaccounted for by ecological and morphological attributes. 
Although rarely considered in metabolic studies, behavioural attributes can also introduce 
variation. For example, hyperactivity or an exaggerated stress response may cause certain 
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individuals to maintain a higher activity level or simply greater muscle tonus during 
measurement of MR compared with calm, more relaxed individuals. If individuals vary 
randomly over time with regards to their activity or stress levels, then this variation can be 
viewed as noise. However, a variety of individual behavioural traits such as activity levels 
and the type or strength of a stress response are repeatable and intrinsic attributes of 
individuals that we now refer to as personality. Because systematic differences in personality 
between individuals appear to have a heritable basis and to be implicated in a large number of 
fitness-related traits and decisions, personality is receiving increasing attention from 
evolutionary ecologists (Réale et al., 2007; Sih et al, 2004a; Wilson et al., 1994). From the 
point of view of metabolism and animal energetics, however, personality has received 
surprisingly little attention. On one hand, personality may be perceived as introducing "error" 
into estimates by artificially inflating measures for one behavioural type relative to another, 
which might otherwise express the same MR if in the same relaxed state. On the other hand, 
differences in personality may also be related to true differences in resting MR and DEE and 
so be an important individual attribute that has been largely over-looked. 
What is personality? 
Variation around the "golden mean" has also been long-neglected by researchers in animal 
behaviour, and only recently has begun to receive more attention (Sih et al., 2004a; Wilson et 
al., 1994). Animal personality (also referred to as behavioural syndromes, coping styles, and 
temperament) offers a promising new and holistic perspective on animal behaviour (Bell, 
2007; Sih et al., 2004b). Personality refers to. individual behavioural differences that are 
consistent - or largely maintained - over time and/or across situations (Réale et al, 2007). 
Animal personality represents a fundamental shift in thinking because the "golden mean" 
becomes meaningless and individual differences become the essence (Wilson et al, 1993). 
That individuals often differ consistently in how they behave has been reported for a variety of 
mammals (including humans, see Nettle, 2006), birds, fish, reptiles, amphibians, insects, 
spiders, and cephalopods (Gosling, 2001). Individuals may consistently differ in one or more 
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personality traits, such as boldness, aggressiveness, reactivity, sociability, exploration, or 
activity levels (Réale et al., 2007). The so-called "laid back, relaxed, placid, or calm" vs 
"high-strung, restless, jumpy, or nervous" natural dispositions of animals referred to by 
physiologists (e.g. Mueller & Diamond, 2001) actually represent personality traits. 
Personality is considered an intrinsic characteristic of the individual and thus should not be 
confiised with non-repeatable variation in behaviours that may be determined by recent 
experience or environmental (extrinsic) conditions, as is the case for social status 
(Dingemanse & de Goede, 2004). 
Ecologists are increasingly interested in animal personality due to its ubiquity, its underlying 
physiological or neuroendocrine correlates, and its heritability and probable relation to fitness 
(Bell, 2007; Dingemanse et al., 2002; Dingemanse & Réale, 2005; Koolhaas et al., 1999; 
Réale et al., 2000). Differences in personality traits or combinations of traits have been shown 
to have consequences for individual fitness through their effect on prédation rates (Bell & Sih, 
2007; Réale & Festa-Bianchet, 2003), the form and outcome of competition for females and 
food (Dingemanse et al., 2004), or the response to social challenges (Dingemanse & Réale, 
2005; Sinn et al., 2006). The holistic nature of personality allows the identification of suites 
of correlated behaviours across contexts (Bell, 2007; Sih et al., 2004a). Indeed, an 
individual's behaviour within one ecological context is often positively correlated with that 
individual's behaviour in other contexts. Individuals that are aggressive towards prey tend 
also to be aggressive in other contexts such as in interactions with conspecifics and predators. 
Aggressive individuals also tend to be bold and explorative while docile individuals tend to be 
shy and avoid novel situations (Sih et al., 2004a). It has recently been shown that the strength 
of correlations among behavioural traits (e.g. aggressiveness and boldness) can depend on 
environmental circumstances, such as the presence of predators (Bell & Sih, 2007; 
Dingemanse et al., 2007). 
Differences in the reaction of individuals to capture and handling may be indicative of 
differences in their personalities (Réale et al., 2000; Réale et al, 2007). Anyone who has 
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captured and handled enough animals intuitively knows that their reactions towards handlers 
differ; some are hyperactive and aggressive while others freeze when handled. These simple 
observations represent differences in coping styles (Koolhaas et al., 1999). When submitted to 
a stress, "proactive" individuals tend to actively manipulate the situation that causes the stress 
by avoidance or aggression (escape in this case), a response accompanied by a combination of 
neurophysiological mechanisms that increase heart rate, muscle tonus, O2 and glucose 
consumption. At the opposite end of the stress response axis, "reactive" individuals possess 
hormonal mechanisms that allow them adjust to stressful situations by immobility and 
passiveness (by freezing in this case). These behavioural differences have a genetic basis and 
are thought to be causally related to differences in the (re)activity of the vertebrate 
neuroendocrine system (Koolhaas et al., 1999). Studies on birds and mammals have 
suggested that proactive individuals are usually more active, explorative, aggressive, and bold 
than reactive individuals (Groothuis & Carere, 2005; Koolhaas et al., 1999). There is growing 
evidence that coping styles in vertebrates have been shaped by selection and form a general 
adaptive response to everyday challenges in natural habitats (0verli et al., 2007). By being 
more explorative, aggressive, and bold, proactive individuals may expend energy at higher 
rates than reactive individuals, thus generating a spectrum of metabolic rates within species, 
akin to the slow-fast metabolic continuum recognized among species (Lovegrove, 2003). 
Because individuals with different personalities will react differently to the same treatment, 
personality is important for the design and interpretation of many experiments (Groothuis & 
Carere, 2005). Ignoring personality traits may create serious methodological issues on 
measures considered important by ecologists. For example, because shy individuals are less 
frequently observed and are less trappable, differences in personality will introduce a bias in 
behavioural or capture-mark-recapture studies if not controlled for (Wilson et al., 1994). This 
is the trap-happy/trap-shy pattern well known to small animal trappers, especially those who 
use the doubly-labelled water (DLW) method to estimate DEE. This technique consists of 
injecting an animal with DLW, and taking an initial, post-equilibration blood sample, then 
releasing the animal for a multi-day sampling period, before trying to re-capture the animal for 
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a second blood sample (see Speakman, 1997). The critical part of this method is the recapture 
because it must be done in a relatively short and fixed time window. Trap-shy individuals are 
- by definition - harder to catch and re-catch than trap-happy, which may create a bias in our 
sampling of DEE. The stress response to this relatively invasive technique (capture, handling, 
injection and bleeding), even though it may be relatively small in laboratory mice (Speakman 
et al., 1991), may also differ according to personality, hence introducing variation in estimates 
of DEE. There are reasons to believe that differences in personality may also affect the 
measurement of resting MR via respirometry (Hayes et al., 1992b). 
How is resting MR measured? 
For decades, respirometry has been the standard technique in physiology laboratories for the 
measurement of resting MR. Typically, the technique requires measuring the extent to which 
O2 is depleted or CO2 accumulates in a restricted flow of air through either a low-volume 
metabolic chamber or a mask (Koteja, 1996b; Witters, 2001). Regardless whether 
measurements are made with chambers or masks, respirometry is likely to elicit a stress 
response. For analytical reasons, most chambers used to contain animals and air during 
respirometry trials are not much larger than the animal they contain (McNab, 2006) and are 
usually devoid of bedding, water, food, and any other form of environmental enrichment. 
Researchers typically transfer animals from cages into chambers for a multi-hour respirometry 
run, then transfer animals back to their cages. Because Tb and Mb are important predictors of 
MR, researchers also frequently weigh and measure Tb before transferring animals into the 
respirometry chamber. All of these procedures require handling and restraint of animals in a 
new environment, which has the potential to induce significant stress. Presumably because of 
handling and the unfamiliar confines of a respirometry chamber, many animals are highly 
active during the first portion of a respirometry trial, exploring the chamber, scratching at the 
walls, and biting any exposed surfaces. Because researchers seek a precise, standardized, and 
comparable measure of resting MR this activity is viewed as a source of error. To minimize 
such error, usually only the portion of the respirometry trial characterized by the lowest and 
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most stable MR is analysed as "resting" (Fig. 3). All other portions of the trial, characterized 
by higher MR and therefore presumed to be contaminated by behavioural activity, are 
discarded. In some cases, researchers monitor behavioural activity during respirometry runs 
via direct observation, video cameras, or motion detectors, but in most cases decisions about 
which portions of a respirometry trial are retained and which are discarded are based only on 
the nature of the gas composition trace. Because resting measurements may not be 
comparable when different trial lengths are used (Hayes et al., 1992b), respirometry runs are 
usually standardised to a fixed length within studies. 
Resting MR = 138.9 
Average MR = 153.3 ±19.3 
Highest MR = 237.3 
Span of MR = 104.5 
First 10 min MR = 175.2 
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Fig. 3. Typical time course of O2 consumption measured in a flow-through respirometry 
system. This trace refers to a wild-caught, 90 g eastern chipmunk. Trial begins by 
recording reference air entering the respirometry chamber. After 5 minutes the system 
switches to record air leaving the chamber, thus sampling the animal's metabolic rate 
(MR). Periodic reference readings are taken during the recording. The high peaks 
correspond to periods of activity whereas the low and stable portions of the curve 
correspond to resting periods. Resting MR is typically taken as the lowest MR during a 
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10-minute period. We suggest that other measures, such as average MR throughout the 
trial and its standard deviation (mean ± SD), highest MR, span of MR (difference 
between highest and lowest MR), and average MR during the first 10 minutes of the trial 
may provide useful information related to personality. 
Methodological linkages between personality and metabolism 
Some observations arise out of the rapidly expanding literature on animal personality that we 
believe have particular pertinence to the measurement and interpretation of metabolic 
variability. In the following, we examine how consistent individual differences in personality 
may affect measurement of resting MR via respirometry and identify a series of predictions 
concerning the effect of personality in respirometry studies. 
Individuals show consistent and marked differences in levels of activity and in their 
response to novel situations. Whether animals freeze when placed in a respirometry chamber, 
settle down following a short burst of hyper-activity or remain hyper-active throughout even a 
multi-hour respirometry trial varies widely according to the general behavioural characteristics 
of the species and the personality of the individual under study. In most respirometry studies, 
if an individual never quiets sufficiently to generate a stable "resting" MR during a trial of a 
fixed length, the run is rejected. Often, the individual is re-run on another day hoping for a 
more "satisfactory" result or it may be excluded from the study altogether (e.g. see Fig 1 in 
Russell & Chappell, 2007). Whether an individual is included or excluded from a 
respirometry study may thus depend on its personality. We expect that such exclusions are 
more common in studies of more active species where the proportion of "restless" individuals 
is likely to be higher. If resting MR is positively correlated with activity level, then by 
excluding the most active individuals from the data set, researchers may bias their analyses, a 
bias that is linked to personality. Unfortunately, physiologists rarely indicate how many 
individuals were excluded from their study for causes of hyper-activity, so it is currently hard 
to evaluate the extent of this bias. 
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When introduced into a new environment or presented with a novel object, so-called "fast-
explorers" explore rapidly but superficially, whereas "slow-explorers" explore slowly but 
thoroughly (Dingemanse et al., 2002; Verbeek et al, 1994). Since metabolic chambers can be 
considered a novel environment, different exploratory responses will influence measured 
metabolism. Even in confined spaces, such as cages and metabolic chambers, animals will 
differ in their degree of exploration. Some individuals will explore the same corner multiple 
times as they form an exploratory routine, thus remaining active for longer periods. Fast 
explorers may express high MR during the beginning of a respirometry run and then resort to 
resting whereas slow explorers may continue to slowly explore the chamber for longer, 
leading to a moderate and less variable MR over the entire run. 
The two observations raised above will come as no surprise to researchers who regularly use 
respirometry. They recognize that just as some species are difficult to measure due to 
hyperactivity, some individuals also refuse to settle down in metabolic chambers. The 
widespread recognition of individual variation in activity and exploration and its major effects 
on metabolic measurements is - of course - the primary reason why researchers have been so 
careful to define and measure metabolic traits in a manner that excludes as much of this 
behavioural variation as possible. It has also led some researchers to run individuals over 
multiple trials to habituate them to the procedure, before making actual measurements. 
Some intense behavioural responses to novel situations and handling do not manifest 
themselves as easily observed motor activity responses, and these non-motor responses can 
persist for much longer than motor responses. Not only do individuals differ in the threshold 
at which they respond to a given stress stimulus, but they also differ in the time required to 
restore normal behaviour after a stress (0verli et ai, 2007). For example, Carere and van Oers 
(2004) showed that Tb (an important determinant of MR) of "shy" individuals takes longer to 
return to a normal level after handling. Individuals that express a reactive coping style and 
remain motionless may give the false impression of resting when they are in fact exhibiting a 
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strong and lengthy stress response to a novel situation. By excluding periods of activity from 
respirometry trials, researchers may think that they are eliminating the stress response from 
their metabolic measures when in fact they preferentially retain data which include elevated 
MR for reactive personality types. This is in part due to the necessarily subjective way in 
which resting MR is estimated from respirometry trials. It is easy to recognize periods of 
"low" MR when they follow periods of "high" MR (as in Fig. 3), but it is difficult to know 
whether a relatively flat trace is "high" or "low". 
The degree to which the influence of stress can be eliminated from respirometry estimates of 
MR will vary among individuals and species according to the form and extent of stress 
response that is expressed. These considerations are extremely important for respirometry 
because it suggests that the influence of personality is variably and incompletely eliminated 
from usual "resting" MR measures. If some of the variance in estimates of resting MR reflects 
differences in the extent to which the animal relaxed during bouts of inactivity, then 
personality should leave a signal in intra- and inter-specific variability in resting MR. For 
example, because proactive individuals react actively to stress, they may evacuate the stress 
effectively and their following period of inactivity may be not influenced by stress, generating 
a low estimate of resting MR. It is possible that - contrary to intuition - individuals that are 
least active in the chamber are most likely to generate stress-inflated resting MR estimates 
because it is these individuals that are more likely to be characterized by long-lasting, non-
motor stress responses. If this is true, we predict a negative correlation between frequency and 
intensity of activity bouts in chamber and resting MR estimate. In other words, proactive 
individuals get the stress out of their system by responding actively to a stress (leading to a 
low resting MR), whereas reactive individuals remain anxious for longer (leading to a higher 
MR, which is erroneously considered as resting). If stress is ineffectively eliminated from 
usual resting MR estimates, than we predict significant correlations between personality traits 
and usual resting MR measures. Habituation should have the effect of decreasing the 
measured resting MR over multiple respirometry trials. 
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Individual responses to novel situations are correlated with behavioural responses expressed 
under more natural circumstances. For great tits (Parus major), exploratory behaviour in 
laboratory conditions is related to both dispersal and the ability to monopolize clumped food 
in the wild (Dingemanse et al., 2003; Dingemanse & de Goede, 2004). Thus, how an animal 
responds in one situation may well be indicative of its response in another often very different 
situation. This carry-over of behavioural responses between situations, termed the behavioural 
syndrome (Sih et al. 2004a), has interesting implications for metabolic studies because the 
response to handling and restraint in a metabolic chamber may inform us of its behaviour 
when returned to the wild. We do not yet know whether an animal that expresses high levels 
of activity and exploration in a metabolic chamber will also express high levels of activity and 
exploration in the wild, but the behavioural syndrome framework suggests that this may be the 
case. If behaviour in the laboratory and in the field prove to be correlated, this will have 
intriguing consequences for metabolic studies. Researchers may gain more insight into how 
traits such as DEE, home range size, or reproductive success correlate with resting MR by 
accepting and incorporating the variability that personality traits generate than by attempting 
to minimize or eliminate it. Like any field that goes to great methodological efforts to isolate 
a trait of interest from additional interacting traits, it is sometimes worth stepping back to 
consider what additional insights could be gained by also studying the trait when fully 
imbedded in its multifactorial complexity. 
Regardless of whether the influence of personality is fully or only partially removed from 
estimates of resting MR, it may prove that by even partially removing the effect of personality 
from metabolic measures we have lost an important biological signal. Eco-physiologists 
question why intra-specific variation in resting MR is at best weakly correlated with DEE 
(Fyhn et al., 2001; Meerlo et al., 1997; Speakman et al., 2003) and fitness (Johnston et al., 
2007a and references therein) when both are subject to selection and are logically related. 
Field measures of DEE and fitness, however, necessarily incorporate the effects of personality 
while lab measures of resting MR attempt to exclude them. We suggest that lab measures of 
MR may be more strongly correlated with DEE or fitness when they include some of the 
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variability that personality necessarily generates. The intensity and frequency of activity bouts 
expressed in the respirometry chamber may prove to be correlated with DEE- and fitness-
determining behaviours in the field. 
A methodological framework for incorporating personality in metabolic measurements 
Here we suggest how we might evaluate whether different responses to stress and/or novelty 
(different personalities) need to be taken into account when measuring, interpreting, and 
comparing metabolic traits. The principal questions are: "Does the response to a novel 
environment (the metabolic chamber) affect or otherwise bias estimates of resting MR" and 
"Does the effect/bias vary between personality types". To. better evaluate the first question, 
we need more tests of whether habituation causes estimated resting MR to decline over 
repeated respirometry trials. If so, we need to know by how much and over how many runs 
resting MR estimates continue to decline. To answer the second question, one could measure 
behavioural responses to other novel situations prior to the first respirometry trial. Open field, 
hole board, and novel object tests (see Réale et al, 2007) all allow researchers to quantify 
differences in how animals explore new environments (Dingemanse et ai, 2002; Verbeek et 
al., 1994). Exploration intensity declines with the number of times the test is repeated in open 
field tests (Archer, 1973; Dingemanse et al., 2002) and novel object tests (Mettke-Hofmann et 
al., 2006) as animals become habituated. However, individuals may not only differ in their 
original response to novelty, but also in the speed with which they habituate (but see Martin & 
Réale, 2008b). Comparing the results of these standardized personality assays to the pattern of 
habituation observed across respirometry trials, would evaluate both the extent to which 
responses to novel environments bias estimates of MR and how this bias differs among 
individuals and personality types. At this effect, a reaction norm or random regression 
approach that allows to compare individual rate of habituation may be useful (Nussey et al, 
2007; Réale et al., 2007). 
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Some personality tests could be incorporated into respirometry trials without inordinately 
complicating logistics. Tests could be as simple as recording whether the animal shows a 
"fright response" to handling, since docility or stress coping styles are likely to explain part of 
the variation in MR during metabolic runs (see also Hayes et al., 1992b). Urination and 
defecation behaviour following introduction into metabolic chambers can be considered as 
measures of personality or activity of the sympathetic nervous system in response to stress 
stimuli (Archer, 1973; Walsh & Cummins, 1976). Respirometry trials invariably include a 
measure of Mb and physiologists know that some individuals are harder to weigh than others 
because they never sit quietly on the scale, so recording the time it takes to weigh accurately 
an animal could be another indication of its docility and stress coping style. Docility scores 
assigned to each individual at capture and based on the response to handling have been shown 
to be related to Cortisol hair concentration (Martin & Réale, 2008a) and fitness in wild (Boon 
et al., 2007; Réale et al., 2000). During respirometry trials, one could measure more 
behavioural traits than just movement, including ventilation rate, heart rate, Tb, and even 
Cortisol concentrations in hair samples. Video monitoring during MR measurements and 
subsequent analysis in terms of proactive vs reactive behaviours could reveal a link between 
metabolism and coping styles. Proactive individuals may be more likely to actively search to 
escape from the metabolic chamber (Koolhaas et al., 1999). In rodents, for instance, gnawing 
or scratching at physical structures of the metabolic chamber represents an attempt to escape 
(Lewis & Hurst, 2004), which could be related to a proactive coping style. Finally, concurrent 
respirometry and physiological measures could elucidate interesting metabolic consequences 
of different stress responses. For example, measuring circulating Cortisol level immediately at 
the end of a respirometry run (i.e. within 2-4 min after the opening of the metabolic chamber) 
will provide information on how stress influence MR measurements (Wikelski et al., 1999). 
Interest in incorporating personality into measures of MR might motivate eco-physiologists to 
have a second look at old respirometry runs. For example, in addition to measures of resting 
MR based on standard criteria, one might also extract other features that measure the influence 
of activity on MR. These might include trends in activity and MR over the course of 
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respirometry runs, highest spontaneous MR, the span of MR measured by the difference 
between lowest and highest MR, and the average MR throughout the trial and its variance (Fig 
3). In other words, we invite physiologists to stop discarding so much potentially informative 
data! 
However, rigorous evaluation of links between personality and resting MR must start with 
documentation of the repeatability of behavioural assays, metabolic measurements, and 
correlations between behaviour and metabolism. Researchers must be careful to investigate 
and report potentially confounding variables that may underlie correlations between 
personality and metabolism. Extrapolating personality-metabolism correlations observed in 
captivity to the wild requires comparisons of metabolic and personality measures obtained in 
captivity with those observed under more natural, free-ranging conditions. Free-ranging 
personality measures could include dispersal, home range size, general activity level, 
trappability (number of times trapped vs trap hour), agonistic interactions over food patch, 
reactions to predators, etc. Free-ranging metabolic measures could include estimates of DEE 
based on the DLW method or heart-rate monitoring (Butler et al., 2004). 
Functional linkages between personality and metabolism 
We argue that studies focusing on the ecological context and evolution of MR, whether resting 
MR or DEE, will benefit from the inclusion of personality. Activity and aggressiveness are 
personality traits that have long interested eco-physiologists because they should affect DEE, 
the establishment of dominance relationships, acquisition and defence of mates, food 
resources, space and, ultimately, the fitness of individuals. Considering the number of studies 
of resting MR and DEE, it is surprising how little we know about how activity and 
aggressiveness affect energy metabolism (Speakman & Selman, 2003). Two competing 
models (termed performance and allocation models; Fig. 4) predict opposite relationships 
between MR and activity or aggressiveness. The performance model predicts a positive 
relationship between resting MR and activity or aggressiveness (Fig 4a) because resting MR 
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reflects the size of the digestive and metabolic machinery needed to capture, ingest, extract, 
and mobilize energy. Since active or aggressive individuals sustain high levels of energy 
throughput, they should require larger-than-average organ size for food and energy processing 
and hence higher-than-average maintenance costs (Daan et ai, 1990). In contrast, the 
allocation model predicts a negative relationship between resting MR and activity or 
aggressiveness (Fig 4b). Free-living animals often have access to limited amounts of food, 
resulting in a trade-off between competing energy pathways. Energy spent in activity or 
aggressive behaviours necessarily limits the energy that can be allocated to resting MR. 
The literature provides support for both models. Many studies on fish support the 
performance model by showing that more aggressive individuals have higher standard MR 
(the term "standard" is specific for ectotherms because they have no thermoneutral zone, so is 
generally measured at a specified Tb). This relationship was found both within (Cutts et al., 
1998; 1999) and among (Lahti et al., 2002) salmonid populations. Recently, Vaanholt et al 
(2007) supported the allocation model when they experimentally manipulated the amount of 
wheel running activity required for lab mice to obtain a food reward. The most active mice 
(those who had to run the most to obtain food) decreased their resting MR the most (by 
-50%), an effect that has been shown in several other studies manipulating workload (see 
table 4 in Wiersma & Verhulst, 2005). Another example of a compensatory allocation 
between activity and resting MR comes from bird studies, where increasing the energy 
invested in activity (stimulated by elevated levels of testosterone or workload) resulted in a 
reduced resting MR (Deerenberg et al., 1998; Wikelski et al., 1999). Although these latter 
studies support the allocation model, activity levels were dictated by a forced change in the 
environment rather than personality. Overall, activity and aggressiveness are certainly linked 
to resting MR, but the direction of the link and the underlying mechanisms are not yet well 
resolved. 
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Fig. 4. Hypothetical relationships between resting metabolic rate (MR) and activity. 
According to the Performance Model (A) resting MR determines the total energy 
available to an individual; individuals with higher resting MR are able to collect, 
process, and invest more energy in activity. In the Allocation Model (B), an animal must 
allocate a fixed amount of energy between competing processes such, as resting MR or 
activity. Animals with higher resting MR have less energy to spend in activity. Note that 
these models can be generalised to other energy-demanding personality traits or 
reproductive output (see p. 25, Speakman, 1997). 
One candidate for explaining links between certain personality traits and metabolism is the 
hypothalamic-pituitary-adrenal (HPA) axis which is involved in the regulation of both energy 
metabolism and the stress response (Jacobson, 200S). Corticosteroids and insulin have 
reciprocal effects on energy storage and together they may constitute at least part of a multi-
hormonal system that regulates overall energy balance (Dallman et al., 1995). Proactive and 
reactive individuals have been shown to differ in HPA axis reactivity, sympathetic and 
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parasympathetic reactivity, as well as testosterone activity (Koolhaas et al., 1999). In house 
sparrows (Passer domesticus), basal MR is positively correlated with plasma levels of thyroid 
hormone and testosterone (Buchanan et al., 2001; Chastel et al., 2003), the latter being 
strongly linked to aggression. In humans, Cortisol infusion increases resting MR (Brillon et 
al., 1995) while Tyrka et al. (2006) showed an inverse relationship between Cortisol and 
exploration. Martin and Réale (2008a) recently showed a positive correlation between 
summer hair Cortisol concentration and docility as measured by response to handling in wild 
eastern chipmunks (Tamias striatus). 
It could be argued that resting MR and personality traits are not causally related, but rather 
show a correlation because that they share common hormonal basis. In this view, once the 
effects of hormone levels on resting MR are controlled for, personality would not explain any 
of the residual variation. While this is possible, it does not provide a valid reason for ignoring 
the correlation between MR and personality, whether causal or not. Indeed, there are several 
reasons to continue to focus on personality. First, physiology and behaviour are influenced by 
complex interactions between numerous hormones, only a few of which can be assayed 
accurately. Endrocrinology is a complex, methodologically challenging field of study, and it is 
unlikely that assaying concentrations of one or a few hormones in one or a few substrates 
(e.g., blood, feces, hair) will explain all correlated variation in both personality and 
metabolism. Although endocrinologists have had some success in relating behavioural 
variation to hormonal variation, they are still far away from explaining the causes and 
consequences of inter-individual variation in hormone levels (Williams, 2008). Second, the 
expression of both personality and metabolism are influenced by many factors other than 
endocrine status (e.g. age, nutrition, prédation risk). Therefore, some of the residual variation 
in metabolism and personality (i.e. after hormonal effects have been removed) could remain 
correlated simply because these traits are much more than emergent expression of circulating 
hormone levels. Finally, the direction of causality in any correlations among hormones, 
behaviour, and metabolism would be unclear. For example, correlations could arise if 
hormonal status independently affected personality and metabolism, or if hormonal status 
37 
affected personality, which in turn affected metabolism (Wikelski et al., 1999). Therefore, one 
may not want to 'remove' the confounding effects of hormonal status to examine the 
underlying relationships between resting MR and personality, but rather attempt to untangle 
cause and effect relationships among all three traits using approaches such as structural 
equations and path analyses (Shipley, 1999). 
Even if endocrine status emerges as an important covariate with metabolism and personality, 
there is another reason to not neglect personality-metabolism correlations. The nature of the 
càusal links between hormones, personality, and metabolism is an important question to 
physiologists. However, from an evolutionary point of view the important question is the 
degree of (genetic) correlation between traits that could explain the evolution of each trait and 
the pattern of coevolution of suites of traits under particular selection pressures. The primary 
target of selection is phenotypic variation in traits linked to personality (such as exploration, 
aggressiveness, risk-taking) and traits linked to metabolism (e.g., thermoregulation, cold 
tolerance, fasting endurance, burst speed, reproductive investment), rather than phenotypic 
variation in hormones per se. Thus, if a limited suite of hormones jointly determined 
personality traits and metabolic levels, the result would be correlated selection on personality 
and metabolic traits. For example, evolution of increased aerobic scope should also lead to 
evolution of altered personality traits, if both have a shared hormonal basis. Thus, 
understanding the evolution of either animal metabolism or animal personality would require 
understanding the direction, strength, and genetic basis of the correlations between these traits. 
A conceptual framework for functional linkages between metabolism and personality 
Two fundamental questions in the study of animal personalities are - Why do populations 
harbour more than one personality type? Why do animals exhibit behavioural consistency? 
In the following, we show why incorporating energy metabolism into theoretical and empirical 
studies of personality may give further insights of why individuals behave consistently over 
time and across contexts. 
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Physiological constraints may underlie behavioural consistency through time and/or across 
situations. According to the performance model (Fig 4a), energetic constraints may underlie 
consistent behavioural variation over time and across contexts. We use a classic example of a 
behavioural syndrome (Fig. 5) to show how physiology can constrain phenotypic plasticity in 
behaviour. In this hypothetical example, the optimal level of activity (represented by stars) 
differs between two environments because prédation risk is low in A and high in B. The 
optimum level of activity is high in A because active animals are able to find and gather large 
quantities of food or mates without the risk of prédation; however, this entails a sustained 
energy expenditure resulting in a high resting MR and DEE (Daan et al., 1990; Hammond & 
Diamond, 1997). The metabolic traits that allow an active individual (line a) to perform well 
and have high fitness in environment A where prédation risk is low become a disadvantage in 
environment B where prédation risk is high. High energy requirements, manifested as high 
hunger levels, will motivate individual a to leave protecting cover to resume foraging (i.e. take 
greater risks). In contrast, a less active individual (line 0) with lower energy requirements will 
be motivated to take fewer risks and so have higher fitness in environment B. If the 
physiological traits that result in a low MR and low activity level for individual 0 in B also 
limit its maximum performance in A, then it will have a comparatively low fitness in B. For 
both individuals, the activity levels and supporting metabolic traits that allow for high 
performance in one environment handicap performance in the other. We should therefore 
expect a coevolution between activity, resource acquisition and MR. Behavioural syndromes 
such as this explain why more than one personality type (and metabolic strategy) persists in 
environments that are heterogeneous in space or time. 
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Fig. 5. Graphical representation of a behavioural syndrome by means of a plasticity plot 
(modified from Sih et al. 2004b). Each line represents a different individual and how it 
changes activity (and consequently energy expenditure) between two different 
environments (A without predators; B with predators). Stars indicate the optimal level of 
activity for each environment (high in A and low in B). The behavioural syndrome 
occurs when plasticity lines tend to be parallel - the most active individuals in A are also 
the most active in B, maintaining their ranks across environments. Because individual a 
(fast metabolism) has a physiology adapted to perform well in environment A, it will 
carry over this high energy demand to environment B where it has lower fitness (being 
forced to maintain a high level of activity to meet its basic daily energetic requirements). 
Alternatively, individual p will perform better in situation B, where its slow metabolism 
will allow it to conserve energy and remain inactive for longer, but once in situation A 
this individual cannot sustain the high rates of energy throughput needed for optimal 
activity levels. 
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Behavioural correlations across contexts may disappear when the behaviour performed in one 
context is constrained by a metabolic ceiling. For example, boldness in fishing spiders 
(Dolomedes triton) can be measured by the time an individual remains submerged (and 
breathing in an air capsule) as an anti-predator response. Female spiders displayed highly 
repeatable responses across time and contexts, except when carrying an egg sac (Johnson & 
Sih, 2007). In this case, the behavioural syndrome did not extend to the parental care context 
probably because O2 requirements (total MR) increase when females are carrying an egg sac. 
High O2 requirements constrain the time that females can remain submerged on a fixed air 
supply. Physiological constraints on behavioural syndromes may also be important to 
consider with regards to aggressiveness, since contests are known to be energetically costly 
and the outcome of a fight depend on an individual's capacity to devote energy in the contest 
(Briffa & Sneddon, 2007). Overall, one might expect no behavioural correlation across two 
contexts when the behaviour in one of the context is constrained by a metabolic ceiling, 
thereby reflecting physical and aerobic capacity rather than personality per se. Physiological 
constraints on behavioural syndromes may vary according to their importance in terms of 
energy costs and their effects on the costs and benefits of a behavioural type in one or more 
contexts. 
The personality-metabolism link is likely to create fitness trade-offs. Since natural selection 
acts on whole organisms, physiology and behaviour are coupled in evolution, thus creating 
fitness trade-offs. For example, the energetic costs and benefits of different coping styles may 
differ among circumstances. Because proactive individuals are usually aggressive, dominant, 
and bold, they are more likely to engage in energetically-costly behaviour, which increases 
DEE. Proactives also grow faster and have higher energy requirements, which they can afford 
by higher rates of energy acquisition (Stamps, 2007). When food is abundant, proactive 
individuals with higher resting MR than reactive individuals may perform best (Bouwhuis et 
al., 2006; Mueller & Diamond, 2001). However, when food is scarce, reactive individuals 
who are generally docile, submissive, and shy may perform better due to their lower DEE and 
resting MR. Recent studies on fish suggest that the link between aggression and energy 
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metabolism is likely to create fitness trade-offs as the energy expenditure costs and energy 
acquisition benefits vary with food abundance and competition (Lahti et al., 2002). Since 
food abundance and competition often vary from year to year, balancing selection may explain 
the evolution and maintenance of differences in personality (Penke et al., 2007) and MR. Not 
surprisingly, behavioural ecologists already invoke energetic cost-benefit arguments to explain 
differential fitness benefits of personalities in different years (Boon et al., 2007; Dingemanse 
et al., 2004). Understanding and, more importantly, measuring the energetic consequences of 
personality differences is likely to help us understand how balancing selection operates to 
maintain more than one personality phenotype in wild populations. 
Personality and metabolism may well be integrated into life-history theory. Stamps (2007) 
suggested that the evolution of personality traits may be easier to understand if we consider 
the functional connections between those traits and physiological processes like metabolism 
that support growth, maintenance, and reproduction. The fact that personality traits are 
correlated with life-history traits (Boon et al., 2007; Réale et al., 2000) suggests that 
personality can be considered as just another facet of broad life-history strategies (Stamps, 
2007; Wolf et al., 2007). This is intriguingly similar to the notion that variation in multiple 
correlated physiological traits may be related to alternate life-history strategies, such as the 
slow-fast metabolic-continuum (Lovegrove, 2003; Ricklefs & Wikelski, 2002). How animals 
grow, survive, and reproduce under a given set of environmental conditions depends on 
physiological and behavioural systems that have been shaped together through evolution. 
Although no theoretical framework linking personality, slow-fast metabolic continuum, and 
life-history yet exists, we believe that it will develop rapidly. As an example, since tropical 
bird species present slow life-history strategies and also are at the slow end of the slow-fast 
metabolic continuum (Wiersma et ai, 2007), under the metabolism-personality framework, 
one would expect tropical birds to also have more reactive personalities (i.e. shy, low activity, 
less aggressive, etc.). Linking energy metabolism and personality will be yet another step 
towards a more integrative biology where behaviour, morphology, and physiology are called 
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upon to explain why coexisting life-strategies persist in natural populations (Bartholomew, 
2005; Gilmour et al., 2005; Ricklefs & Wikelski, 2002; Stamps, 2007; Wolf et al., 2007). 
Conclusion 
Most physiological mechanisms - including energy flow - can be modulated by behavioural 
responses. This is why physiology and behaviour have long been viewed as complementary in 
the fields of ecology and evolution (Bartholomew, 1964; Cabanac, 1996). Physiologists 
readily acknowledge that behaviour is a powerful way to cope with environmental challenges, 
while behavioural ecologists have long recognized the importance of energetics in the context 
of behavioural decisions and the evolution of life-history strategies. Indeed, the energetic 
approach lies at the very basis of the optimal foraging and life-history allocation theories. 
However, because it is easy to invoke an energetic explanation for a given behaviour but hard 
to actually measure it in the field, energetic explanations too often remain untested 
assumptions or hypotheses (Speakman, 1997). The revolution that the concept of personality 
brings to behavioural ecology must be. accompanied by energetic measurements. 
There are reasons to expect that personality and energy metabolism are linked at both 
proximate and ultimate levels, making the overlap between these two fields a promising area 
of research. From the physiologist's point of view, personality is an emerging field that could 
greatly contribute to explain part of the variation in energy metabolism. Whether variation in 
resting MR is related to personality as "error" due to a reaction to novelty or stress or whether 
it is the result of selection on suites of traits that optimise performance is certainly worthy of 
attention. From the behavioural ecologist's point of view, knowing the energetic 
consequences of different behavioural types and coping strategies will help us understand the 
evolution of personality. The holistic point of view introduced by personality coupled with 
energetics could shed light on fundamental aspects of behavioural variation among 
individuals. 
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CHAPITRE H 
Approche comparative : des rongeurs et des chiens 
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CHAPITRE H 
La méthode comparative a beaucoup été utilisée en biologie, car elle offre plusieurs avantages. 
Dans ce type d'étude, il est supposé que les différences entre espèces sont le résultat de la 
sélection naturelle. Par exemple, un chercheur intéressé à comprendre comment les espèces 
désertiques se sont adaptées au manque d'eau pourrait aller mesurer la capacité des reins à 
concentrer l'urine chez plusieurs espèces de rongeurs vivant dans les habitats différents (Al-
kahtani et al., 2004). Ces espèces partagent un pool de gènes en commun qu'ils ont hérité d'un 
ancêtre commun. Ce pool se modifie lorsque les espèces occupent différents habitats et font 
face à des pressions de sélections différentes imposées par les situations écologiques. Le 
contraire peut aussi être vrai; des. espèces non-apparentées qui vivent sous des conditions 
environnementales semblables peuvent présenter des similarités issues des pressions de 
sélections propres à leur environnement. La méthode comparative peut non seulement 
permettre de relier un caractère à une condition écologique mais aussi tester l'interaction entre 
plusieurs traits. Ainsi, lorsque deux traits sont corrélés au niveau inter-spécifique, il est 
généralement possible de penser à un scénario adaptatif dans lequel les deux traits en question 
ont coévolué dans le temps. J'ai présenté dans le chapitre I des nouvelles idées faisant 
connexion entre deux domaines de recherche très actifs. Cela a ouvert plusieurs opportunités 
de recycler des « vieilles » données récoltées dans chacun des domaines et d'utiliser 
l'approche comparative pour étudier les liens entre personnalité et métabolisme. J'ai utilisé la 
méthode comparative dans deux contextes d'étude : la variation inter-spécifique chez les 
rongeurs muroïdes (chapitre lia) et la variation inter-races chez les chiens domestiques 
(chapitre lib). Dans le chapitre suivant, je tire profit de la méthode comparative autant afin de 
vérifier mes hypothèses que de stimuler davantage ma réflexion sur les liens entre les dépenses 
énergétiques et traits de personnalité. 
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CHAPITRE lia 
EXPLORATION STRATEGIES MAP ALONG FAST-SLOW METABOLIC AND 
LIFE-HISTORY CONTINUUMS IN MUROID RODENTS 
Description de Particle et contribution 
J'ai eu l'idée de cet article lors de la première année de mon doctorat. Je faisais line revue de 
littérature sur la personnalité et suis tombé sur les « vieux » articles de Donald Dewsbury. 
J'étais vraiment enthousiaste à l'idée que des chercheurs avaient effectué le même test de 
l'arène à plusieurs espèces de rongeur muroïdes, un taxon pour lequel nous connaissons très 
bien la physiologie, notamment au sujet du RMR. Je me rappelle que lorsque j'ai détecté une 
relation significative entre le temps passé en locomotion dans un environnement nouveau et le 
RMR, j'ai accouru dans le bureau de Don pour lui montrer les graphiques... J'ai alors eu 
l'approbation et reçu ses encouragements pour continuer le projet. Pour ce faire, il était 
primordial de considérer la phylogénie, mais aucune phylogénie satisfaisante n'existait sur les 
muroïdes, un groupe dont la taxonomie a toujours été controversée. J'ai alors initié une 
collaboration avec Olaf Bininda-Edmonds, un chercheur spécialiste en construction de 
phylogénie. Olaf a construit la phylogénie et me l'a envoyée dans un format facilement 
utilisable pour les analyses statistiques. J'ai fait les analyses et écrit la première ébauche du 
manuscrit. Don Thomas, Denis Réale et Murray Humphries ont exercé une influence majeure 
sur le développement des idées tout au long du projet. Ils ont tous participé à la rédaction du 
manuscrit en commentant mes écrits et en me conseillant lors des révisions finales. 
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EXPLORATION STRATEGIES MAP ALONG FAST-SLOW METABOLIC AND 
LIFE-HISTORY CONTINUUMS IN MUROID RODENTS 
par 
VINCENT CAREAU, OLAF R.P. BININDA-EMONDS, DONALD W. THOMAS, 
DENIS RÉALE & MURRAY M. HUMPHRIES 
Functional Ecology, 2009,23 : 150-156. 
Summary 
Personality is highly relevant to ecology and the evolution of fast-slow metabolic and life-
history strategies. One of the most important personality traits is exploratory behaviour, 
usually measured on an animal introduced to a novel environment (e.g. open-field test). Here, 
we use a unique comparative dataset on open-field exploratory behaviour of muroid rodents to 
test a key assumption of a recent evolutionary model, i.e. that exploration thoroughness is 
positively correlated to age at first reproduction (AFR). We then examine how AFR and 
exploratory behaviour are related to basal metabolic rate (BMR). Inter-specific variation in 
exploratory behaviour was positively correlated with AFR. Both AFR and exploration 
behaviour were negatively correlated with BMR. These results remained significant when 
taking phylogeny into account. We suggest that species occupying unproductive and 
unpredictable environments simultaneously benefit from high exploration, low BMR, and 
delayed AFR because exploration increases the likelihood of finding scarce resources, whereas 
low BMR and delayed reproduction enhance survival during frequent resources shortages. 
This study provides the first empirical evidence for a link between personality, life-history, 
phylogeny, and energy metabolism at the inter-specific level. The superficial-thorough 
exploration continuum can be mapped along the fast-slow metabolic and life-history 
continuums. 
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Introduction 
Because many personality traits have important energetic consequences, there is reason to 
believe that behaviour and energy metabolism co-evolve as two facets of broad life-history 
syndromes (Biro & Stamps, 2008; Careau et al., 2008). Information on daily energy 
expenditure (DEE) or basal metabolic rate (BMR) of individuals or species with different 
behavioural types will help us to understand how personality and life-history traits (co)evolve, 
an unresolved question of fundamental importance (Stamps, 2007; Wolf et al., 2007). From a 
physiological perspective, personality represents an integrative factor that may explain some 
of the large inter- and intra-specific variation in BMR, a physiological trait of high ecological 
and evolutionary significance (McNab, 2002; Speakman et al., 2004). 
It has been argued that vertebrates, including birds and eutherian mammals, can be placed 
along a fast-slow continuum for both life-history (Oli, 2004) and metabolism (Lovegrove, 
2003). For a given body size, species at the "fast" end of the continuums mature earlier, have 
higher reproductive rates, shorter generation times and higher BMRs than those at the "slow" 
end. Among life-history traits, age at first reproduction (AFR) is held to provide a reliable 
index of the ranking of mammal species along the fast-slow continuum (Gaillard et al., 2005; 
but see Oli, 2004). There is also reason to expect that AFR is linked with personality, but little 
empirical support for such a link currently exists (reviewed in Biro & Stamps, 2008). 
Nevertheless, an evolutionary trade-off between AFR and exploration thoroughness is key to a 
recent theoretical model that cogently explained the evolution and coexistence of personality 
traits (Wolf et al., 2007). The fundamental assumption of this model is that "fast" individuals 
explore their environment superficially and reproduce earlier in life, whereas "slow" 
individuals reproduce over a longer life span generated by later first reproduction and 
thorough exploration of their habitat. Wolf et al.'s (2007) model showed how exploration can 
co-evolve with boldness and aggressiveness: fast and superficial explorers are bold and 
aggressive, whereas slow and thorough explorers are shy and less aggressive. Their model 
offers an explanation for the widely observed phenomena called "behavioural syndromes" or 
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proactive/reactive coping styles (Groothuis & Carere, 2005; Koolhaas etal., 1999; Sih et al., 
2004a). 
Although much of the theoretical and empirical work on personality is focused on consistent 
behavioural diiferences among individuals of the same species, species are also characterised 
by consistent behavioural traits that can be termed personality (Réale et al., 2007; Sih et al., 
2004b). In parrots, for example, inter-specific differences in exploration behaviour seem to 
represent adaptations to different lifestyles that are set by differences in food habits, habitat 
complexity, and prédation risk (Mettke-Hofmann et al., 2005). Since one might expect 
personality to be closely related to life-history strategies (Biro & Stamps, 2008) and metabolic 
traits (Careau et al., 2008), inter-specific analyses of personality correlates may reveal key 
axes of biological differentiation among species clades. 
Whereas there is abundant literature on inter-specific variation in BMR and life histories 
(Harvey et al., 1991; McNab, 2002; Symonds, 1999), systematic measures of personality traits 
across species are rare (Réale et al., 2007). We know of only one suitable mammalian 
comparative dataset to test the Wolf et al. (2007) model, that of Wilson et al. (1976) and 
Webster et al. (1979), which quantified the exploration behaviour of 19 species of muroid 
rodent when introduced to a novel environment via the classic and widely used open-field test 
(Walsh & Cummins, 1976). These muroid species can thus be placed along a superficial vs. 
thorough exploration continuum. This dataset in combination with analogous ones for life-
history traits and BMR and the explosion of DNA sequence data, therefore, provide a unique 
opportunity to test inter-specific links between personality, metabolism, and life-history in a 
phylogenetic context. 
Here, we test the fundamental assumption of Wolf et al.'s (2007) model that exploration 
thoroughness is positively correlated with AFR and examine how these two traits are related to 
BMR. BMR is often viewed as the "idling cost" of the metabolic machinery needed to sustain 
a given lifestyle or energy throughput (Mueller & Diamond, 2001), a view supported by the 
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fact that DEE and BMR are positively correlated at the inter-specific level (Ricklefs et al., 
1996). A "fast" lifestyle involving rapid growth, early AFR, and above-average DEE should 
require above-average organ size for food and energy processing and hence above-average 
maintenance costs, or BMR (Daan et al., 1990). Therefore, we expected AFR to be negatively 
correlated with BMR (1980; McNab, 2002), even when body-size effects are controlled for. 
Furthermore, we expected exploration thoroughness and BMR to also be negatively related 
(again, with corrections for body-size) because, whereas exploration is not necessarily more 
energetically expensive than other behaviours, it is inversely related to boldness and 
aggressiveness which are highly energy-demanding (Lahti et al., 2002). 
Materials and methods 
Exploration behaviour 
Wilson et al. (1976) and Webster et al. (1979) introduced 10 males of 19 muroid species in an 
open-field and recorded the time spent in each of 10 behavioural categories over a period of 10 
minutes (See Table SI in Supplementary Material for categories and species). Wilson et al. 
(1976) defined locomotor-exploratory behaviour as "walking and running about the field" 
which was the dominant behavioural category, averaging 50% (range 30-70%) of total time 
(Table 1). Therefore, activity in the open-field was used as a proxy for exploration although 
these behaviours are not mutually exclusive (e.g. an animal exploring its environment need not 
necessarily be truly "active"; Réale et al., 2007). Adding rearing and wall rearing behaviour 
in the analyses did not change our results. The open-field test was originally developed by 
psychologists to measure "emotionality", albeit not without controversy (Archer, 1973; Walsh 
& Cummins, 1976). Today, this test is gaining interest among ecologists because it provides a 
repeatable and heritable (Dingemanse et al., 2002) measure of exploration that has been found 
to be correlated with important behavioural, ecological, and life-history parameters in the wild 
(Boon et al., 2007; Dingemanse & de Goede, 2004). 
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Life-history and physiological data 
We obtained estimates of AFR for all species from Duncan et al. (2007) and Nowak (1999) 
(see Table 1). BMR and body mass data for 17 of these species were obtained from White & 
Seymour (2003), Lovegrove (2000), Mathias et al. (2006), and McNab (1992). 
Table 1. Percent of time spent exploring during a 10-min open-field test (% exploration), 
body mass, basal metabolic rate (BMR), and age at first reproduction (AFR) in 19 
muroid rodents. 
species 
% 
exploration 
body mass 
(g) 
BMR 
(ml02 per h) 
AFR 
(days) 
references' 
Peromyscus gossypinus 68.4 21.5 37.0 50 1,3 
Peromyscus leucopus 54.6 20.0 33.2 70 1,3 
Peromyscus eremicus 61.9 21.5 33.1 127 1,3 
Microtus montanus 44.9 35.1 83.3 25 1,3 
Microtus ochrogaster 31.1 46.7 79.1 47 1,3 
Microtus penrtsylvanicus 27.5 38.9 75.1 29 1,3 
Microtus californicus 44.3 44.0 68.2 65 1,3 
Scotinomys teguina 58.8 12.0 31.2 34 1,3 
Meriones tristrami 59.4 112.0 98.6 84 2,3 
Baiomys taylori 55.5 7.2 17.1 59 1,4 
Mesocricetus auratus 30.9 98.0 147.0 46 1,3 
Ototyiomys phyllotis 45.4 100.9 - 26 1 
Peromyscus polionotus 55.9 12.0 21.5 30 1,3 
Microtus canicaudus 43.8 30.4 77.8 55 1,5 
Onychomys leucogaster 65.4 40.0 - 122 1 
Mus musculus 61.0 14.8 26.6 72 1,6 
Rhabdomys pumilio 46.4 39.6 32.1 53 1,3 
Calomys callosus 63.8 48.0 55.82 52 1,4 
Peromyscus maniculatus 46.5 22.8 36.9 77 1,3 
l=Duncan et al. (2004); 2=Nowak (1999); 3=White & Seymour (2003) 4=Lovegrove (2000); 
5=McNab (1992); 6=Mathias et al. (2004). 
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Phylogeny construction 
Because more closely related taxa share more of their evolutionary history in common, some 
of the variation in phenotypic traits may be correlated with phylogenetic relatedness 
(Blomberg et al., 2003; Harvey et al., 1995). The phylogenetic tree used in this study (Fig. 1) 
was constructed and dated using a subset of six genes (MT-C03, MT-CYB, MT-ND3, MT-
ND4L, MT-RNR1, and RBP3, names follow Wain et al., 2002) derived from the 68-gene 
dataset of Bininda-Emonds et al. (2007) that were informative for the set of species under 
examination here. Sciurus vulgaris and Homo sapiens were added as successive outgroups to 
obtain the final dataset. 
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Fig. 1. The dated muroid phylogenetic tree with branch lengths used in this study. Thin 
vs. thick branches differentiate superficial vs. thorough explorers, respectively. Solid vs. 
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dashed branches indicate species with higher vs. lower basal metabolic rate (BMR) than 
expected given their body mass, respectively. 
The topology of the tree was obtained using a maximum-likelihood (ML) analysis of the 
concatenated supermatrix using RAxML v7.0.3 (Stamatakis, 2006). Searches employed 100 
replicates under a GTRMIX model, with ML parameters being free to vary between the six 
genes. The GTRMIX model uses the fast CAT approximation to the gamma distribution to 
account for rate heterogeneity during the branch-swapping phases, but derives the final 
likelihood score under a tone gamma distribution for comparability. Otherwise, default 
parameters in RAxML were used. Support for the final topology was determined using a non-
parametric bootstrap (Felsenstein, 1985) with 1000 replicates. Again, a GTRMIX model free 
to vary between genes was used. 
Estimates of divergence time in the phylogeny were obtained using the relDate method (see 
Bininda-Emonds et al., 2007). For each gene, gene trees with ML branch lengths were 
obtained by fitting the sequence data to the topology of the overall ML tree under the optimal 
model of evolution for that gene (including testing for the applicability of a strict molecular 
clock) as inferred using the AIC with ModelTEST v3.7 (Posada & Crandall, 1998) and 
PAUP* v.4.0bl0 (SwofFord, 2002) (see Table 2). The relative branch lengths for each gene 
tree obtained using relDate v2.3 (Bininda-Emonds et al., 2007) were then calibrated using the 
times for the Primates-Rodentia (91.8 million years ago) and Sciuridae-Muroidea (82.8) 
divergences presented by Bininda-Emonds et al. (2007). The date for each node was taken as 
the median of all estimates for it (up to five genes plus one calibration point). In general, the 
dates for most splits were derived form three or more estimates. The variation in date 
estimates between genes also enabled us to calculate 95% confidence intervals on the estimate. 
Finally, any negative branch lengths in any of the three sets of dates (best estimate and upper 
and lower 95% confidence intervals on that estimate) were corrected using chronoGrapher 
vl.4 (Bininda-Emonds et al., 2007). Both the supermatrix and the resulting phylogeny are 
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available from TreeBASEl (www.treebase.org, Sanderson et al., 1994) under the study 
accession number S2133 and matrix accession number M4035. 
Table 2. Statistics relating to the five sequence data sets used for molecular dating, 
including the optimal model of evolution determined using ModelTEST. /«-values for 
genes that were held to evolve in a strict clock-like fashion according to a likelihood-ratio 
test (LRT) are marked with an asterisk. All gene names follow Wain et al. (2002). 
Number of Aligned Model of 
Gene taxa length evolution LnL (nonclock) LnL (clock) LRT x2 LRT p-value 
MT-CO3 7 693 GTR+I+G 3050.19 3053.42 6.47 0.263* 
MT-CYB 17 1123 GTR+I+G 9589.64 9628.61 77.94 1.66 xlO"10 
MT-ND3 15 267 HKY+I+G 2420.80 2429.48 17.36 0.184* 
MT-ND4L 15 297 HKY+G 2610.25 2617.90 15.31 0.288* 
MT-RNR1 10 731 GTR+I+G 2979.67 2990.22 21.10 0.007 
RBP3 10 666 TVM+G 2834.08 2845.31 22.46 0.004 
Statistical analysis 
BMR and many life-history traits are strongly correlated with body mass. Hence, many traits 
may be correlated with one another through their mutual link to body mass. To test whether 
the AFR was positively correlated with exploration thoroughness while controlling for the 
effect of body mass, we first used an ordinary least-squares (OLS) regression model that 
included exploration thoroughness as the independent variable and body mass as a covariate. 
We subsequently ran two other OLS models to test if AFR or exploration thoroughness could 
be negatively correlated with BMR with body mass as a covariate. We used the JMP 5.0.1 
statistical package (SAS Institute, Cary, NC) to calculate studentized residuals and to check if 
outliers were present. Since the residuals from a regression will generally not be 
independently or identically distributed, it is advisable to weight the residuals by their standard 
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deviations (i.e. studentization). Thus, outliers can be statistically identified using critical-
value tables and the studentized residual of each data point (Lund, 197S). 
In a second set of analyses, we used the pgls.lam function developed by Duncan et al. (2007) 
in the statistical package R (R Development Core Team, 2004) to fit phylogenetic generalised 
least-squares (PGLS) models that include a measure of the degree of phylogenetic signal (X) in 
the data, having accounted for the adaptive hypothesis specified. The value of X can range 
between 0 and 1, where 0 implies no phylogenetic signal (equivalent to the OLS model) and 1 
implies a strong phylogenetic signal. In all PGLS models, the value of X was estimated using 
ML to adjust the degree of phylogenetic correction optimally for each data set (Freckleton et 
al., 2002). The significance of X was tested using likelihood-ratio tests (LRTs) by examining 
twice the difference in negative log-likelihoods between the PGLS (full model with X 
optimisation) and OLS models (one less parameter because X was set to 0), which follows a x2 
distribution with one degree of freedom. 
Results 
AFR was significantly correlated with exploration thoroughness (FI.IÔ^-ÔS./KO.OS), but not 
with body mass (F\J6=0. 11, p>0.05). In support of the assumption underlying Wolf et al.'s 
(2007) model, more explorative muroids start to reproduce at a later age (Fig. 2). 
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Fig. 2. Age at first reproduction (AFR, in days) as function of % of time spent exploring 
a novel environment (in a 10 min open-field test) in 19 species of muroid rodents. 
AFR and BMR were negatively correlated in the full data set of 17 species (i.e. BMR data 
lacking for Ototylomys phyllotis and for Onychomys leucogaster), but the strength of the 
correlation was reduced remarkably by a single data point (Fii4=3.33, /FO.09; Fig. 3a). This 
data point has a studentized residual of 2.89 and can thus be considered as an outlier because 
the critical value (p<0.05) for n =17 and q = 3 is 2.67. When this outlier was excluded, no 
further outliers were detected, and AFR was strongly negatively correlated with BMR 
(JPI.I 3=5.19, /K0.05; Fig. 3a) and positively correlated with the covariate body mass 
(Fi,13=6.03, /K0.05). Exploration thoroughness was significantly related with BMR 
14=11.38, /K0.01), but not with body mass (^1,14=3.85, /»0.05). More explorative species 
had lower mass-adjusted BMRs (Fig. 3b). 
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Fig. 3. (a) Age at first reproduction (AFR, in days) and (b) percent of time spent 
exploring a novel environment (in a 10 min open-field test) as function of residual 
variation in basal metabolic rate (mass-adjusted BMR, once the effect of body mass has 
been removed statistically) in 17 species of muroid rodents. In panel a, the species 
Peromyscus eretmcus (X) is identified as an outlier and when removed the relation 
becomes significant. 
Table 3 shows that the phylogenetic signal in AFR was non-existent (X=0), moderate in 
exploration thoroughness (X=0.65), and maximal in all other traits considered in this study 
(body mass, BMR, and mass-adjusted BMR; A.-1). However, inclusion of phylogenetic 
information for each of the three models did not significantly increase the likelihood of these 
models (Table 3), and the value of X was in fact optimised to 0 (no phylogenetic dependence) 
for each model. Therefore, relationships between AFR, exploration thoroughness and BMR 
remain significant when taking both body mass and phytogeny into account. 
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Table 3. Analysis of phylogenetic signal in different trails (age at first reproduction = 
AFR, basal metabolic rate = BMR) and models considered in this study. Negative log-
likelihood values (-LnL) for fitted ordinary and phylogenetic least-squares (OLS and 
PGLS, respectively) are shown. PGLS models were set to optimise X using maximum 
likelihood (ML X), an indicator of phylogenetic signal. Twice the difference in the -LnL 
of both models follows a %2 distribution allowing testing of the significance of X. 
Trait -LnL OLS -LnL PGLS ML X x2 /j-value 
Body mass 89.33 82.64 1 13.37 <0.05 
AFR 90.32 90.32 0 0.00 >0.05 
Exploration 76.88 72.07 0.65 9.60 <0.05 
BMR 83.73 77.42 1 12.62 <0.05 
Mass-adjusted BMR 72.90 67.47 1 10.86 <0.05 
Model 
AFR ~ mass + exploration 63.34 63.33 0 0.02 >0.05 
AFR - mass + BMR 76.38 76.38 0 0.00 >0.05 
Exploration ~ mass + BMR 60.19 60.19 0 0.00 >0.05 
Discussion 
We found that inter-specific variation in exploration thoroughness was positively correlated 
with AFR and that both of these traits were negatively correlated with BMR in muroids. That 
superficial explorers begin reproducing earlier than thorough explorers is consistent with a key 
assumption of Wolf et al.'s (2007) model that there is an evolutionary trade-off between 
exploration thoroughness and AFR. Empirical and theoretical studies on personality have 
shown that superficial and thorough exploration strategies are associated with proactive and 
reactive lifestyles, respectively (Sih et al., 2004a; Wolf et al., 2007). Because proactive 
individuals commonly express higher levels of energetically expensive behaviours such as 
boldness and aggressiveness, we expected this lifestyle to be associated with a higher BMR 
than the reactive lifestyle. This is what we found, a result that supports the performance 
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model of Careau et al. (2008), where BMR represents the maintenance cost of the metabolic 
machinery necessary to sustain a given energy throughput (Daan et al., 1990). 
If metabolic rate constrains reproductive rates as suggested by McNab (1980; 2002), then a 
high BMR should be necessary to sustain fast growth and to achieve early AFR. Our result for 
muroid rodents is consistent with this view (Fig. 3a). However, when Harvey et al. (1991) re-
analysed the relation between BMR and life histories in an explicit phylogenetic framework, 
they found no evidence for McNab's (1980; 2002) claim across all mammals. Later, 
Symmonds (1999) suggested that significant relationships between BMR and life-history traits 
in mammals are more likely to be restricted to specific taxonomic groups (especially small 
mammals, which face a metabolic challenge just by being small) rather than across mammals 
as a whole (as in Harvey et al., 1991b). Thus, our result based on a small species assemblage 
supports the conjecture of Symmonds (1999). 
In this paper, we considered "walking and running about the field" to be an index of 
exploration, but one could instead see these behaviours, strictly speaking, as merely an activity 
index related to locomotion. When (re)viewed from this latter perspective, our result shows 
more active species to have lower BMRs and to start reproducing later, which supports the 
allocation model postulating a trade-off between energy invested in maintenance (BMR), 
activity, and reproduction (Careau et al. 2008). Identifying the physiological components that 
underlie a trade-off between activity and BMR has important evolutionary significance. One 
likely candidate is the immune system because numerous studies have detected large energetic 
costs tied to its maintenance (Martin et al., 2008b). Some hormones that promote activity (e.g. 
testosterone and Cortisol) are also immunosuppressive (Adkins-Regan, 2005) and multiple 
immunological patterns - which appear to be related to life-history strategies - exist among 
Peromyscus species (Martin et al., 2008a). An apparent trade-off between activity and BMR 
may also arise from thermoregulatory constraints because activity can either completely or 
partially substitute for thermogenesis (Chappell et al., 2004; Loworn, 2008). Therefore, 
personality traits that underlie activity may simultaneously relax the demand on the metabolic 
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machinery associated with a strong thermogenic capacity, resulting in low BMRs within the 
thermoneutral zone. 
Irrespective of physiological mechanisms, BMR, AFR, and exploration thoroughness could be 
associated with one another simply because selection pressures have favoured particular 
combinations of traits (Hayes et al., 1992a). One such important selection pressure may be 
food productivity and predictability. Unproductive and unpredictable environments might 
simultaneously favour high exploration, low BMR (Lovegrove, 2000; Mueller & Diamond, 
2001), and delayed AFR because exploration increases the likelihood of finding resources 
pulses while low BMR and delayed reproduction increase longevity in general and, in 
particular, the odds of surviving food shortages in such habitats. In contrast, highly productive 
and predictable environments should favour reduced exploration, fast life histories and 
elevated metabolism (Lovegrove, 2000). 
Small mammals such as muroids have a high mass-specific energy demand and are vulnerable 
to prédation when exploring. Therefore, selection on BMR and exploratory behaviour may be 
strongly influenced by fluctuations in food abundance. All Microtus species examined herein 
are superficial explorers with high residual BMRs (Fig. 1) - these species all live in grasslands 
and feed on grass, which offers an abundant and highly predictable food source (Sera & Early, 
2003). In contrast, all but one of the Peromyscus species examined are thorough explorers 
with low residual BMR - they live in deserts (e.g. P. eremicus) or temperate forests and all are 
omnivorous with a large proportion of their diet consisting of unpredictable pulsed food 
sources (e.g. seeds, Whitaker, 1966). Beyond the Microtus and Peromyscus clades - which 
comprise 10 of the 19 species included in our analyses — it is notable that the two lowest BMR 
values in our dataset are for Meriones tristrami and Rhabdomis pumilio, two desert rodents 
characterized by high exploration indices, whereas the highest BMR value is from the golden 
hamster Mesocricetus auratus, which lives in open steppes and agricultural lands and has a 
low exploration score. This study identifies how environmental conditions may 
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simultaneously influence costs vs. benefits of exploration, life-history, and metabolic 
strategies, all within an explicit phylogenetic framework. 
We identified personality as an important integrative variable explaining inter-specific 
variation in BMR and AFR. Personality also offers promising explanatory power for intra-
specific variation in BMR and AFR as well, although intra- and inter-specific relationships are 
not necessarily similar (Hayes et al., 1992a). In this respect, it is interesting to note that Wolf 
et al.'s (2007) model and much of the literature on personality is focused on intra-specific 
variation. The results of this study suggest that species evolving towards a fast lifestyle with 
earlier reproduction and a superficial exploration strategy face energetic challenges that are 
reflected in their high BMRs. Similarly, another study using the open-field test reported that 
more explorative rats (Rattus norvegicus) survived longer than less explorative individuals 
(Cavigelli & McClintock, 2003), and in a recent meta-analysis Smith and Blumstein (2008) 
found a positive effect of exploration on survival. Therefore, a thorough exploration strategy 
seems to be associated with a slow pace of life because it is linked to low BMR, delayed 
reproduction, and high survival. 
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CHAPITRE Hb 
THE PACE OF LIFE UNDER ARTIFICIAL SELECTION: PERSONALITY, 
ENERGY EXPENDITURE AND LONGEVITY ARE CORRELATED 
IN DOMESTIC DOGS 
Description de l'article et contribution 
J'ai eu l'idée de cet lorsque j'ai lu Gosling (2001) qui a attiré mon attention sur les études de 
personnalités typiques à chaque race de chien. Dans les références de Gosling (2001) on y 
retrouve Draper (1995), la source des données de personnalité utilisés dans le chapitre lib. Au 
départ, je considérais ce projet comme étant farfelu, mais il faut dire que je m'accommodais 
bien de ce qualificatif. Ce n'est que durant mon examen général que les membres de mon 
comité (en occurrence Dany Garant et Denis Réale) m'ont fait réaliser l'ampleur des résultats 
et de leurs implications d'un point de vue évolutif : puisque les différences entre les races sont 
issues de la sélection artificielle sur la morphologie et le comportement, l'existence de 
corrélations avec d'autres traits (supposément non-soumis à la sélection) suggère l'existence 
de corrélations génétiques. Grâce à leurs encouragements, j'ai continué à travailler sur la 
« récolte » des données. Une fois que j'ai atteint la limite des données disponibles, j'ai entamé 
les analyses, rédigé une première ébauche du manuscrit que j'ai présenté à Don Thomas, 
Murray Humphries et Denis Réale. Grâce à leurs commentaires de fond, j'ai rédigé une 
deuxième version qui a été soumise. Suite aux commentaires de plusieurs arbitres, j'ai reçu le 
dernier courriel de Don Thomas, qu'il est encore bon de relire : « ... 1 still feel there is value in 
the [dog] paper. I suggested that Vincent reformulate the paper as a note to American 
Naturalist aimed at stimulating thought on genetic correlations and personality. If we 
structure the paper more as a speculative support for current theory, rather than as a solid 
"experimental" test of predictions, it might get through. I can imagine a [...] note in Am Nat 
stating that preliminary evidence tends to support theory, it might be well received". Suite à 
ce judicieux conseil, l'article a été accepté dans American Naturalist et a reçu une énorme 
attention médiatique partout à travers le monde. 
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ENERGY EXPENDITURE AND LONGEVITY ARE CORRELATED 
IN DOMESTIC DOGS 
par 
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& DONALD W. THOMAS 
American Naturalist, 2010, 175: 753-758. 
ABSTRACT: The domestic dog has undergone extensive artificial selection resulting in an 
extreme diversity in body size, personality, life-history, and metabolic traits among breeds. 
Here we tested whether proactive personalities (high levels of activity, boldness, and 
aggression) are related to a fast "pace of life" (high rates of growth, mortality, and energy 
expenditure). Data from the literature provide preliminary evidence that artificial selection on 
dogs (through domestication) generated variations in personality traits that are correlated with 
life-histories and metabolism. We found that obedient (or docile, shy) breeds live longer than 
disobedient (or bold) ones and that aggressive breeds have higher energy needs than 
unaggressive ones. These correlations could result either from human preference for particular 
trait combinations or, more likely, correlated responses to artificial selection on personality. 
Our results suggest the existence of a general "pace-of-life" syndrome arising from the co-
evolution of personality, metabolic and life-history traits. 
Introduction 
Animal species and individuals differ greatly in key demographic and life history traits, 
notably in growth rate, body size, and longevity. These traits tend to cluster along a "fast-
slow" continuum and co-vary with the rate of energy expenditure, such that species or 
individuals with fast life-histories also have high levels of energy expenditure (Lovegrove, 
2003; Symonds, 1999; Wiersma et al., 2007). Identification of the proximate and ultimate 
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causes of variation along the fast-slow life-history and metabolic continua is a pivotal topic in 
current ecology and evolutionary biology (Ricklefs & Wikelski, 2002). 
Personality, or the proactive-reactive continuum, has recently emerged as a promising new 
facet of the life-history/metabolic nexus (Biro & Stamps, 2008; Careau et al., 2008). Proactive 
individuals - or by extension species - are expected to "live fast and die young", whereas 
reactive personality types should "live slow and die old" (Careau et al., 2009; Wolf et al., 
2007). For example, the fitness benefit of risk-taking behavior (e.g., boldness, or docility 
towards humans) should co-vary with longevity, such that long-lived individuals or species are 
theoretically predicted to be shy, docile, or risk-averse (Wolf et al., 2007). Natural selection 
should favour the integration of life-history, metabolic, and personality traits to optimise, 
overall organisms' performance - or fitness - creating a suite of linked traits that can be 
referred to as a "pace-of-life" syndrome. 
A large-scale artificial selection experiment was unwittingly initiated thousands of years ago 
and now allows us to evaluate the effects of artificial selection on personality (Swallow et al., 
2009). The first animal species to be domesticated, the dog (Canis familiaris), has been shaped 
by artificial selection into more breed categories than any other living animal, with >400 
breeds now recognised (Clutton-Brock, 1999). Humans exerted selection on specific 
personality traits such as activity, aggressiveness, and obedience (or docility) to shape each 
breed to a specific task (e.g., tracking, herding, guarding, fighting, or companionship). 
Therefore, other traits genetically linked with personality should have been changed as a 
correlated response to artificial selection on personality, such as the appearance of piebaldness 
in response to selection on tameness (Belyaev, 1978). An alternative explanation to the 
presence of trait correlations among breeds is that during domestication humans could have 
favoured combinations of traits and thus applied artificial correlational selection (Sinervo & 
Svensson, 2002). 
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Dogs have long been subject of scientific curiosity because of their close relationship with 
humans and their great diversity in multiple aspects of their biology, especially body size 
(from the ~2kg Chihuahua to the > 100kg Saint Bernard, Jones & Gosling, 2005; Kirkwood, 
1985). The result is a rich literature on breed-specific personality, life-history, and energetic 
traits. Yet dog breeds remain an underutilised resource for comparative genetic research on 
behavior (Swallow et al., 2009; Wayne & Ostrander, 2007). Here, we use the striking 
behavioral differences among dog breeds to offer preliminary evidence for the pace-of-life 
syndrome. 
Methods 
We searched the literature for information on breed-specific personality, life histories, and 
energy expenditure. Complete dataset and associated references are presented in the appendix 
in the online edition of the American Naturalist (Table 1). The most complete and reliable 
dataset on breed-specific personality was found in Draper (1995), who produced three 
uncorrelated personality traits from a factorial analysis on 56 breeds. In an effort to be 
consistent with terminology used by behavioral ecologists (Réale et al., 2007), we labelled 
these traits as (a) activity because the two main factors defining this trait were general activity 
and excitability, (b) aggressiveness, because the two main factors defining this trait were 
territorial defence and aggression to dogs, and (c) trainability, because the two main factors 
defining this trait were obedience training and ease of housetraining. With regards to (c), 
Svartberg (2002) showed that the broad personality dimension called shyness-boldness 
predisposes to trainability in general and can predict behavioral response in the home 
environment. Because obedience training and ease of housetraining were the two most 
important factors that influenced trainability, this trait shares some aspects with docility and 
shyness-boldness personality dimension. 
Subsequent literature searches for reliable data on breed-specific life-history traits and energy 
expenditure were restricted to the 56 breeds listed in Draper (1995). We obtained adult body 
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mass for all breeds from Evans and White (1988). Most published studies on breed-specific 
growth patterns provide limited data on a single breed over a particular time frame and/or in a 
particular environmental setting, which impede comparisons among studies. Hawthorne et al. 
(2004), however, compared the growth curves of 12 different-sized dog breeds housed in a 
standardised kennel environment, nine of which are included in the personality dataset. 
Although a large number of studies reporting breed-specific median age at death exists 
(Bronson, 1982; Michell, 1999; Patronek et al., 1997; Proschowsky et al., 2003), these studies 
do not provide reliable estimates of longevity because they were either based on a small 
sample size or a skewed database derived from teaching hospitals. The most reliable estimates 
of longevity were found in Bonnett et al. (1997) who analysed data for over 222 000 dogs 
registered for life insurance. Every breed included in this study had a sample size of >500 dog-
years at risk. Bonnett et al. (1997) produced valid population-based estimates of mortality rate 
for 18 breeds in common with the personality dataset. Even though breed-specific mortality 
rates and longevity are different variables, they are intrinsically related; the odds of dying 
within, for example, the first 10 years of life is inversely proportional to longevity. 
We found data on metabolizable energy intake (MEI) for nine popular breeds maintained in 
kennels, a standardised environment. When multiple MEI data were available for a given 
breed, we simply averaged all estimates (see Table 1). Veterinarians and nutritionists most 
commonly reported MEI in kJ kg"° 75 day"1 without providing the associated body mass. All 
MEI measurements were made on non-reproductive adult individuals that neither significantly 
gained or lost mass over the course of the sampling periods. Because dogs were in energy 
balance (i.e., neither gaining nor losing mass) MEI can be treated as a measure of energy 
expenditure (Koteja et al., 1999). 
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Statistical analysis 
Because data for all traits were available for only very few breeds, the unbalanced design of 
our dataset restricted us to a univariate approach. We used Pearson product-moment 
correlations to test whether personality traits (activity, aggressiveness, and trainability) were 
correlated with growth rate, mortality rate, and MEI (all log-transformed). Because body mass 
(square-root transformed) was positively correlated with log-transformed mortality rate (rp = 
0.64, N = 19, P = 0.003), we present partial correlation estimates. To illustrate the relationship, 
however, we computed residuals from the regression of mortality rate and body mass (referred 
to as mass-adjusted mortality rate). We adjusted critical P-values by correcting for the false 
discovery rate (Verhoeven et al., 2005). Sex differences within breeds could not be examined 
because most data obtained consisted of males and females combined. 
In a parallel analysis, we incorporated information on the phylogenetic relatedness of different 
dog breeds to partially control for non-independence in comparative analyses (Garland et al., 
2005). Based on a modified phylogeny from Parker et al. (2004) we used phylogenetic least-
square regressions to estimate the phylogenetic signal (X, Freckleton et al., 2002) present in all 
variables included in this study. We also re-tested the statistical significance of all models 
while adjusting optimally for the degree of phylogenetic signal. An important limitation in 
phylogeny-based comparative analysis of dog breeds is that their evolutionary history is not 
well represented by a bifurcating tree model. Although modern pure breeds are maintained as 
genetically isolated populations by breed standards, they are frequently derived from mixtures 
of previous breeds (Galis et al., 2007), which introduces reticulate elements in the phylogeny 
(Posada & Crandall, 2001). Based on currently available phylogenetic information (Parker et 
al. 2004), most breeds are not characterized by significant phylogenetic structure and are 
therefore best represented as polytomies (fig. 1 ; appendix in the online edition of the American 
Naturalist). This lack of elucidated phylogenetic structure among many dog breeds reduces 
the likelihood of detecting significant phylogenetic influence on the traits we study and 
obtaining different results with standard and phylogeny-based analyses. 
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Table 1: Data on breed-specific personality traits, body mass, growth rate, mortality rate, and metabolizable energy intake 
in dogs. 
Body Growth Mortality Metabolizable energy intake 
Breed Activity1 Aggressiveness1 Trainability1 mass2 rate3 rate4 (kJkg"°75day ) 
Afgan hound 90 110 80 22.68 
Airedale terrier no 122 101 21.55 
Akita 76 113 114 43.09 
Alaskan malamute 84 107 91 34.02 
Australian Shepherd 97 91 131 15.88 
Basset hound 75 78 83 19.28 377 
Beagle 108 95 76 9.07 17 293.5 526.64s 
Bichon frise 109 80 110 8.16 147 
Bloodhound 72 74 104 40.82 
Boston terrier 117 97 100 7.94 
Boxer 91 107 100 28.12 480.5 
Brittany spaniel 95 76 113 15.88 
Bulldog 78 86 83 22.68 
Cairn terrier 119 115 93 6.35 16.9 535.20s 
Chesapeake bay retriever 85 93 115 27.22 
Chihuahua 113 107 86 1.81 
Chow chow 83 121 77 24.95 
Cocker Spaniel 107 87 101 12.70 15.3 370 
Collie 81 91 122 22.00 551.767 
Dachshund 106 114 88 8.62 639.00* 
Dalmatian 102 109 88 24.95 
Doberman pinscher 93 120 121 20.41 484.5 
English springer spaniel 113 82 112 19.05 18.3 173 
Fox terrier 119 123 78 7.26 764.949 
German shepherd 100 126 114 29.48 371.5 
German shorthaired pointer 104 93 105 23.81 
Golden retreiver 91 73 120 29.48 
614.4610 Great dane 80 105 103 45.36 13.5 958 
Irish setter 120 86 97 25.85 
Keeshond 91 89 107 18.14 357 
Labrador retreiver 89 87 123 28.12 13.7 
Lhasa apso 110 100 84 7.26 
Maltese 111 92 97 5.44 
Newfoundland 79 75 110 52.16 16.7 606 
Norwegian elkhound 85 91 101 19.50 
Old english sheepdog 90 91 92 29.48 
Pekingese 105 103 77 5.44 
Pomeranian 112 103 82 2.27 482 
Poodle (miniature) 119 97 120 6.12 156 
Poodle (standard) 106 100 129 29.48 128 
Poodle (toy) 117 95 106 4.54 156 
Pug 103 83 88 7.26 
Rottweiler 78 123 108 38.56 371 
Saint Bernard 76 105 91 68.04 13.2 697 
Samoyed 91 112 87 18.14 
Schnauzer 124 127 97 15.88 16.9 408.5 
Scottish tenier 113 127 86 9.53 
Shetland sheepdog 108 93 126 9.07 
Shihtzy 115 93 109 6.80 135 
Siberian husky 95 111 82 21.77 
Silky terrier 119 108 98 4.08 
Vizsla 92 79 113 25.17 
Weimaraner 105 101 90 22.68 
Welsh Corgi, Pembroke 99 105 118 11.34 
West highland white terrier 124 121 86 7.71 
Yorkshire terrier 124 106 86 2.95 
488.8211 
443.08u 
551.7613 
-J 
o 
1 = Draper (1995); 2 *= Evand and White (1988), in kg; 3 = Hawthorne et al. (2004), in % of increase-week" ; 4 = Bonnett et ai. (1997), in deaths'lOOOOdogs" 
' year"1; 5 - Finke (1994), Patil and Bisby (2001), and Taylot et al. (1995); 6 = Kienzle and Rainbird (1991) and Taylor et a}. (1995); 7 = Burger (1994); 8 = 
Kienzle and Rainbird (1991); 9 = Patil and Bisby (2001); 10 = Kienzle and Rainbird (1991); 11 = Finke (1991), Patil and Bisby (2001), Taylot et al. (1995), 
and Rainbird and Kienzle (1990); 12 * Rainbird and Kienzle (1990); 13 = Finke (1991). 
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Figure 1: The dog phylogenetic tree used in this study, from Parker et al. (2004). 
Breeds that form branches with statistical support are shown (Chow chow, Aldta, 
Siberian husky, Alaskan malamute, and Afgan hound). The remaining 49 breeds 
show little phylogenetic structure, except some pairs of closely related breeds (Lhasa 
apso, Pekingese, and Shih tzy; West highland white terrier and Cairn terrier; Collie 
and Shetland sheepdog). Poodles of different size (standard, miniature, and toy) 
were arbitrarily set as closely related breeds. The flat topology of the tree (that 
regroups modern European breeds) reflects a radiation from a common founder 
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stock and occurrence of extensive gene flow between dogs before the advent of breed 
clubs and breed barrier rules. It is important to note that the evolutionary history of 
dog breeds is not well represented by such a bifurcating tree model because existing 
breeds were mixed to create new breeds. A total of 12 breeds involved in this study 
were not included in Parker et al. (2004): these breeds were assumed to originate 
from the European radiation (Boston terrier, Britany spaniel, Dalmatian, English 
springer spaniel, Fox terrier, Maltese, Scottish terrier, Vizla, Weimaraner, Welsh 
Corgi Pembroke, Yorkshire terrier, and Silky terrier). 
Results 
Bivariate correlations are presented in Table 2. After correcting critical P-values for false 
discovery rate, each personality trait was related to a different life-history or metabolic 
trait. Activity was strongly and negatively related to body mass (fig. 2a). Interestingly, 
activity tended to be positively correlated to growth rate, indicating that active breeds 
grow fast but over a shorter period. Mass-adjusted mortality rate was negatively related to 
trainability (fig. 2b), such that obedient breeds live longer than disobedient ones. 
Although sample size for MEI was relatively low (n = 9), it was strongly and positively 
correlated with aggressiveness (fig. 2c). The inclusion of resolved phylogenetic structure 
in the analysis did not change any of the statistical conclusions reported above (Table 3). 
Table 2: Correlation coefficients among breed-specific personality traits (activity, 
aggressiveness, and trainability) and growth rate (log-transformed; n = 9), body 
mass (square-root transformed; n = 56), mortality rate (log-transformed; partial 
correlation estimate with body mass as covariate; n = 19), and metabolizable energy 
intake (MEI; log-transformed; n = 9) in dogs. 
Log (growth rate) Sqrt (body mass) Log (mortality rate) Log (MEI) 
r P r P r P r P 
Activity 
Aggressiveness 
Trainability 
0.72 0.082 
-0.08 0.846 
-0.17 0.727 
-0.77 0.001 
-0.10 0.552 
0.26 0.125 
-0.25 
0.24 
-0.61 
0.156 
0.451 
0.022 
0.50 0.290 
0.83 0.022 
-0.51 0.290 
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Table 3: Analysis of phylogenetic signal in activity, aggressiveness, trainability, body 
mass (square-root transformed), growth rate (log-transformed), mass-adjusted 
mortality rate, metabolizable energy intake (MEI; log-transformed), and models 
considered in this study. We used the pgls.lam function in R (Duncan et al., 2007) to 
fit phylogenetic generalised least-squares (PGLS) models that include a measure of 
the phylogenetic signal (X) in the data. The value of X can range between 0 and 1, 
where 0 implies no phylogenetic signal (equivalent to an ordinary square model 
(OLS) model) and 1 implies a strong phylogenetic signal. In all PGLS models, X was 
estimated using maximum likelihood (ML) to adjust the degree of phylogenetic 
correction optimally for each data set (Freckleton et al., 2002). The significance of X 
was tested using likelihood-ratio tests by examining twice the difference in negative 
log-likelihoods values (-LnL) between the PGLS (full model with X optimisation) and 
OLS models (one less parameter because X was set to 0), which follows a x* 
distribution with one degree of freedom. The value of X was either optimised to 0 or 
1, but in all cases its effect was not significant (no significant increase in the model 
likelihoods). Therefore, the relationships reported in this study (body mass vs. 
activity, mortality rate vs. trainability, and MEI vs. aggressiveness) remain 
significant when taking phylogenetic information into account. However, the star-
like shape of the phylogeny (see Figure Al) greatly weakens the likelihood that 
phylogenetic and non-phylogenetic analyses will differ. More rigorous analysis of 
the phylogenetic influences on the coevolution of dog behaviour, physiology, and life 
history awaits the development of detailed phytogenies that better reflect the rich 
and complex evolutionary history of modern breeds (Posada & Crandall, 2001). 
-LnL ML 
Trait -LnL OLS PGLS X x1 p-value 
Activity 230.44 230.44 0 0.00 0.99 
Aggressiveness 230.62 231.33 1 -1.42 0.99 
Trainability 230.73 230.73 0 0.00 0.99 
Sqrt(body mass) 102.76 102.76 0 0.00 0.99 
Log(growth rate) -14.37 -14.37 1 0.00 0.99 
Mass-adjusted mortality rate -3.25 -3.57 1 0.64 0.42 
Log(MEI) -11.93 -11.93 0 0.00 0.99 
Model 
Sqrt(body mass) ~ activity 77.25 77.25 0 0.00 0.99 
Log( mortality) ~ sqrt(mass) + trainability -7.82 -8.13 1 0.62 0.43 
Log(MEI) ~ aggressiveness -17.29 -17.29 0 0.00 0.99 
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Figure 2: Correlations between breed-specific (a) activity score and body mass 
(square-root transformed), (b) trainability score and mass-adjusted mortality rate 
(residuals from a regression of mortality rate (deaths per 10000 dogs per year; log-
transformed) against sqnare-root body mass) and, (c) aggressiveness score and 
metabolizable energy intake (MEI, in kJ'kg^^'day'1) in dogs. Detailed statistical 
results are given in table 2. 
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Discussion 
To our knowledge this is the first report of a relationship between energy expenditure and 
aggressiveness in endotherms (see Cutts et al., 1998; Làhti et al., 2002 for studies on 
fishes). Our results suggest that aggressiveness, or the willingness to engage in 
potentially dangerous aggressive interactions, covaries with physical and physiological 
traits (metabolic capacity). Indeed, the fitness payoff of aggressiveness should co-vary 
with the metabolic machinery needed to prevail when aggressiveness escalates into 
aggression (Briffa & Sneddon, 2007). As a result, any fitness advantages of high 
aggressiveness may be intrinsically linked to the fitness disadvantages of increased 
energy expenditure (Careau et al., 2008). We also found that, once adjusted for body 
mass, variation in longevity among dog breeds is related to their trainability. Given 
trainability is inversely related to boldness in dogs (Svartberg, 2002), this shy and long-
lived versus bold and short-lived pattern supports the theoretical model proposed by Wolf 
et al. (2007). These potential energetic and longevity trade-offs affecting the evolution of 
aggression and boldness, respectively, could generate and maintain variation in behavior, 
life-history, and metabolism depending on food abundance, risk-taking opportunities, and 
competition (Biro & Stamps, 2008; Careau et al., 2009; Lahti et al., 2002). The 
correlations we found among personality, life-history, and metabolic traits offer support 
to current theories on the evolution and maintenance of personality (Biro & Stamps, 
2008; Careau et al., 2008; Stamps, 2007; Wolf et al., 2007). 
Behavioral differences among dog breeds have a genetic basis (Saetre et al., 2006) and 
are often regarded as remnants from past selection targeted at personality (Svartberg, 
2006). The remarkable diversity of modern dog breeds primarily reflects a radiation from 
a common founder stock in the 1800s that served to create most modern European breeds 
(Parker et al. 2004). Controlled breeding practices to maintain purebred standards (i.e. the 
pedigree barrier) reduced effective population size and increased genetic drift within 
breeds, resulting in the loss of genetic diversity within breeds and greater divergence 
among them (Wayne & Ostrander, 2007). Modern dog breeds represent distinct genetic 
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units because the mean genetic distance among breeds is high (FST = 0.33) and the 
variation among breeds accounts for 27% of total genetic variation in dogs (as opposed to 
only 5-10% among human populations; Parker et al. 2004). In some breeds, genetic 
variation has been further reduced by historical bottlenecks (Ostrander et al., 2000; 
Ostrander & Wayne, 2005). To the extent that life history traits and energy expenditure 
have not been primary targets of selection in the development of dog breeds (Galis et al., 
2007), the genetic component of correlations identified here should be relatively high 
(Swallow et al., 2009). 
Even though the particular associations of traits we report in this paper are in general 
agreement with the literature reviewed in Biro and Stamps (2008) - except that the 
correlations reported here are likely to have a stronger genetic component (Swallow et al., 
2009) - our ability to generalize the pace-of-life syndrome to widely different taxa 
remains limited. The extent to which our results apply to ectotherms, for example, 
represent a particularly interesting question to address, especially because temperature 
(hence metabolic rate via Qio effect) strongly influence ectotherm activity, 
aggressiveness, and boldness (Biro et al., 2010). Future studies should also examine how 
the extent of sexual dimorphism influences the pace-of-life syndrome, since mate choice 
is known to promote genetic integration among traits (Svensson et al., 2009). As more 
species-specific tests of the pace-of-life syndrome become available, we will be better 
able to assess the extent to which relationships depend on (/) the level of biological 
variation involved (e.g., species, breeds, populations, genders, individuals) or (if) the 
function of each personality trait in each gender or species (Biro & Stamps, 2008), as 
well as whether these correlations (w) are determined environmentally (e.g. Careau et al., 
2009) vs. genetically, and (zv) differ in natural vs. domesticated species (Adriaenssens & 
Johnsson, 2009). 
As noted above, the identified relationships could result from correlated responses to 
artificial selection on particular traits or from correlational selection exerted by humans 
on multiple traits simultaneously. The key distinction is whether these relationships 
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emerged because humans selected for a single trait and other traits changed with it 
(correlated response to selection) or humans simultaneously selected multiple traits 
(correlational selection). For correlational selection to apply, two traits have to be under 
simultaneous selection and the direction of selection on one trait has to consistently vary 
according to the other trait (Sinervo & Svensson, 2002). 
The activity vs. body mass relationship (fig. 2a) could plausibly have arisen either 
through a correlated response to human selection on size or simultaneous correlational 
selection by humans on size and activity. We know that body mass is under intense 
artificial selection because various measures of body size are included in all breed 
standards; American Kennel Club; www.akc.org). Through creation of breeds, humans 
could have simultaneously and consistently selected for large body mass and low activity 
level because high activity might progressively become undesirable as a dog's size 
increases (Draper, 1995). However, it is unclear why humans would have necessarily 
selected for high activity in small breeds, as low or high levels of activity could equally 
be desirable in small-sized dogs. This could suggest then the alternative, that activity 
differences emerged incidentally as a correlated response to human selection on body 
size. Artificial selection on activity has been shown to lead to decreased body mass at 
maturity in mice (Swallow et al., 1999). 
The most parsimonious explanation for the trainability vs. longevity and aggressiveness 
vs. MEI relationships (fig. 2b and 2c) is that longevity and energy expenditure changed as 
correlated response to artificial selection on dog behaviour, since longevity and food 
intake are not included in any breed standards. For correlational selection to apply, not 
only would longevity and energy expenditure have to be under selection, there would 
need to be consistent selection - throughout the independent creation of breeds spanning 
multiple continents, centuries and breeding purposes (Clutton-Brock 1999) - applied to 
particular combinations of trainability or aggressiveness and longevity or MEI, 
respectively, to align breeds along the correlation. Consistencies in the circumstances 
under which dog breeds have been created could still impose unintentional correlational 
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selection on trait combinations. For instance, if dogs are housed in groups and there is 
aggressive competition for limited food, less aggressive dogs with high energy 
requirements would be at a disadvantage. Under circumstances such as these, where 
correlational selection on multiple traits is unintentional, the distinction between 
correlational selection on multiple traits vs. correlated responses to selection on a single 
trait becomes less clear. 
Studies are needed to evaluate whether unintentional correlational selection forces 
generally act in the same direction as natural correlational selection and maintain 
naturally-existing genetic correlations, or if human-made environments unconsciously 
generate new artificial genetic coupling between behavioural, life-history, and 
physiological traits. Given the crucial importance of plant and animal domestication in 
human evolutionary history, it is surprising how little we know about the unintentional 
selective forces acting through domestication, especially in animal domestication (Zohary 
et al., 1998). Our results open new questions on the relative roles of correlated response 
to selection vs. human preferences for particular trait combinations as major drivers of 
among-breed trait correlations in domesticated animals. 
The selection process is termed "artificial" when human preferences or influences have a 
significant effect on the evolution of a particular population or species. Yet many 
evolutionary biologists view domestication as a type of natural selection and adaptive 
change that occurs as organisms are brought under the control of human beings (Driscoll 
et al., 2009; Garland & Rose, 2009; Ross-Ibarra et al., 2007). Viewed this way, it is 
interesting to note that particular trait combinations that are expected to co-evolve by 
means of natural selection (the pace-of-life syndrome) could have been selected in a 
correlated fashion through domestication, consciously or not. Alternatively, the presence 
of genetic correlations among personality traits, life-histories, and energy expenditure can 
be considered either as a constraint on die independent evolutionary response of the traits 
involved or as an adaptation resulting from past natural selection pressures (McGlothlin 
& Ketterson, 2008; Roff, 1997). Therefore, the correlated response scenario equally 
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supports the constraint and the adaptive views of personality (Wolf et al. 2007). From the 
constraint point of view, our results indicate that selection along the fast-slow life history 
and metabolic continua could potentially lead to apparently maladaptive behavior (Sih et 
al., 2004b). From the adaptive point of view, behavioral variation might be maintained by 
trade-offs generated by genetic correlations between personality, life-history, and energy 
metabolism (Biro & Stamps, 2008; Careau et al., 2008; Stamps, 2007). 
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CHAPITRE m 
Approche corrélative au niveau de l'individu 
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CHAPITRE III 
Autant la méthode comparative est très utile pour étudier les adaptations, autant elle doit 
être appliquée avec précaution, car cette méthode possède des limites parfois faciles à 
franchir. Le fait que les rongeurs muroïdes ayant un RMR élevé sont peu explorateurs ne 
constitue pas une preuve en soi que la personnalité et le métabolisme ont coévolué en 
réponse aux conditions environnementales. Il faut se rappeler qu'une même variable, non 
mesurée, peut être la connexion sous-jacente aux corrélations observées. Il y a 30 ans, 
Gould et Lewontin (1979) ont sévèrement critiqué les adeptes du programme 
« adaptationniste » (utilisant largement la méthode comparative) pour leur tendance à 
raisonner à l'envers et leur manque de reconnaissance envers les scénarios alternatifs aux 
histoires adaptatives. Pour illustrer leurs propos, Gould et Lewontin (1979) ont introduit 
la notion d'un pendentif : la portion d'une voûte sphérique qui se trouve placée entre les 
grands arcs supportant un dôme, formant un segment triangulaire qui cintre la base du 
dôme pour faire la transition entre un plan carré et rond. Les pendentifs de la cathédrale 
San Marco à Venise sont magnifiques, car il y a des dessins bibliques qui sont 
merveilleusement ajustés à leur espace fuselé. Devant cette harmonie entre les dessins et 
la structure, l'adaptationniste pourrait penser que les pendentifs ont été conçus afin de 
pouvoir y faire les dessins. Gotild et Lewontin (1979) nous disent que cette vision est 
complètement incorrecte, car, selon eux, les pendentifs sont une contrainte imposée 
lorsque qu'un dôme est monté sur des arches rondes. Les pendentifs ont d'abord été 
imposés aux architectes parce qu'ils montaient un dôme sur des arches rondes et ensuite 
les pendentifs sont devenus des surfaces décoratives. Donc, l'utilité actuelle d'une 
caractéristique peut ne pas être la raison de son apparition. Même si l'idée d'un lien entre 
personnalité et métabolisme est supportée par l'approche comparative, l'histoire est loin 
d'être complète. De plus, la personnalité est un trait propre aux individus et non aux 
espèces ou aux races. Dans ce sens, certains peuvent dire, avec raison, que je n'ai 
seulement que comparé les valeurs moyennes des traits entre espèces ou races. Afin de 
vraiment tester les hypothèses du chapitre I, il faut maintenant aller voir au niveau de 
l'individu. J'ai choisi de tester mes hypothèses à l'aide de la souris sylvestre en 
laboratoire et du tamia rayé en milieu naturel. 
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CHAPITRE Ola 
GENETIC CORRELATION BETWEEN RESTING METABOLIC RATE 
AND BEHAVIOUR IN A NOVEL ENVIRONMENT IN DEER MICE 
(PEROMYSCUS MANICULA TUS) 
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GENETIC CORRELATION BETWEEN RESTING METABOLIC RATE 
AND BEHAVIOUR IN A NOVEL ENVIRONMENT IN DEER MICE 
(.PEROMYSCVS MANICULA TUS) 
par 
VINCENT CAREAU, DONALD W. THOMAS, FANIE PELLETIER, LEILA TURKI, 
FRANCE LANDRY, DANY GARANT & DENIS RÉALE 
Abstract 
The study of genetic covariance among suites of traits yields important insights about the 
nature of past selective pressures and constraints imposed on future evolutionary changes. 
According to the "pace-of-life" syndrome hypothesis, differences in behaviour should be 
genetically linked to resting metabolic rate (RMR), which represents the maintenance 
costs of the metabolic machinery needed to sustain a given level of energy expenditure. 
Using a quantitative genetic approach, we first decomposed the phenotypic variance of 
body mass (Mb), RMR, and behaviour in a novel environment (i.e., the hole-board test) 
into components of additive genetic, common-environment, and permanent-environment 
variance in deer mice (Peromyscus maniculatus). We then tested whether RMR is 
genetically correlated with behavioural reactions to a novel environment in this species. 
We found significant additive genetic variance for Mb (/i2 = 0.41), mass-independent 
RMR (h1 = 0.36), and distance moved in the hole-board (h2 = 0.17). We also detected a 
positive additive genetic covariance between Mb and RMR (ta— 0.76) and between mass-
independent RMR and distance moved in the hole-board (rA= 0.67). This result suggests 
that RMR and behaviour coevolved together, perhaps through the action of correlational 
selection associated with particular ecological conditions under which mice evolved. 
Key words; coping styles, energetics, heritability, inbreeding, personality traits, 
respirometry, muroids. 
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Adaptive evolution depends on the interplay between external selective forces and 
internal genetic constrains. The strength of genetic constraints between traits is best 
represented by their additive genetic covariance (or its standardised form, the genetic 
correlation), which captures how traits are co-inherited due to pleiotropy and linkage 
disequilibrium (Houle, 1991). Genetic correlations are highly relevant to evolutionary 
biology because they can significantly modify the response to selection, and, thus, shape 
the evolutionary potential of traits (Roff, 1997). Genetic correlations can also be seen as 
adaptive in the sense that they could result from correlational selection that has promoted 
functional integration among traits to optimise animals' fitness or performance 
(Cheverud, 1996; McGlothlin & Ketterson, 2008; Sinervo & Svensson, 2002). A key 
question in evolutionary biology is therefore to identify genetic covariance among traits 
and understand the processes underlying the evolution of "complex phenotypes," "trait 
packages," or "syndromes" (Cheverud, 1996; Lande, 1979; Sih et al., 2004a; Wagner, 
1996). Although it is particularly challenging to study suites of traits that cross 
disciplinary barriers, these integrative studies yield more insight into the nature of 
evolutionary change than multiple studies on isolated traits (Sih & Bell, 2008). 
Genetic covariance among physiological, behavioural, and liferhistory traits is an 
underlying premise of the "pace-of-life" syndrome hypothesis (Réale et al., 2010). The 
pace-of-life syndrome stipulates that a proactive behavioural type (bold, aggressive, 
active) is associated with higher levels of energy expenditure and a faster life-history 
strategy (rapid growth, early reproduction, short life span) than a reactive behavioural 
type (shy, unaggressive, inactive; Réale et al. 2010). These particular trait combinations 
are suggested to be adaptive and linked to trade-offs associated with past correlational 
selection pressures (Careau et al., 2009; 2010b). For example, the fitness of a fast-
growing and short-lived individual is expected to be increased by proactive behaviours 
(Biro & Stamps, 2008; Wolf et al., 2007). The genetic correlations underlying the pace-
of-life syndrome may also constrain the future independent evolutionary potential of the 
traits involved. We recently proposed that artificial selection on aggressiveness in dogs 
(through domestication) produced unintentional changes in energy expenditure (Careau et 
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al., 2010b), suggesting a trade-off between the benefits of aggressiveness and the costs of 
high energy requirements. 
According to the pace-of-life syndrome hypothesis, we expect a link between resting 
metabolic rate (RMR, the "idling cost" of an endotherm's metabolic machinery, Mueller 
& Diamond, 2001) and behaviour in a novel environment (Careau et al., 2008). RMR is 
perhaps the most studied aspect of metabolism in birds and mammals and several 
comparative studies have linked inter-specific differences in RMR to ecologically 
relevant variables such as diet (Cruz-Neto & Bozinovic, 2004), climate (Careau et al., 
2007; Lovegrove, 2000), latitude (Wiersma et al., 2007; Wikelski et al., 2003), and 
behaviour (Careau et al., 2009; Mailer, 2009). Previous studies have also shown that 
RMR is heritable (Konarzewski et al., 2005; Nilsson et al., 2009; Tieleman et al., 2009a; 
2009b) and is genetically and positively correlated with both maximum aerobic capacity 
(Dohm et al., 2001; Sadowska et al., 2005; Wone et al., 2009) and growth rate (Sadowska 
et al., 2009) in rodents. However, to our knowledge, the genetic link between RMR and 
behaviour has not yet been assessed. 
The novel environment test is a classic experimental procedure that is used in animal 
behaviour and psychology to evaluate an individual's behavioural reaction to novelty 
(Archer, 1973). In this test, the behaviour of an animal is recorded when placed into a 
hole-board or open-field apparatus. An individual's reaction includes aspects of activity, 
exploration, and risk-taking, which are all translated into variables such as distance 
covered and the time spent in the centre of the arena (Walsh & Cummins, 1976). 
Recently, evolutionary ecologists have started to use the novel environment test on non-
model and wild species, realising that it provides important insights into the behaviour 
and fitness of animals in their natural habitat (Boon et al., 2007; Dingemanse et al., 
2004). For example, exploration activity provides benefits such as gathering information 
on habitat and resources, but also brings potential costs such as higher exposure to 
prédation (Jones & Godin, 2010) and energy expenditures associated with locomotion 
(Careau et al., 2008). Here, we used a quantitative genetic framework to investigate the 
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genetic covariance between RMR and behaviour in a novel environment in a laboratory 
population of deer mice (Peromyscus maniculatus (Wagner, 1845), Cricetidae, 
Neotominae). 
The measurement of RMR can be subject to several different issues that must be 
considered in studies of phenotypic or genetic relationships of RMR with other traits. 
First, behavioural differences among individuals in a population can affect the ability to 
measure the actual RMR in some individuals (Careau et al. 2008).It is thus important to 
assess the genetic basis of additional metabolic variables extracted from respirometry 
curves to evaluate the effect of stress and novelty inherent to respirometry measures. 
Respirometry is the standard technique used to measure RMR and requires the handling 
of animals in the transfer from their cage to a metabolic chamber - a new and confined 
environment. Thus, respirometry might elicit differences in metabolism in a manner 
reminiscent to coping styles (Careau et al., 2008). Research on coping styles has shown 
that proactive ("fight or flight") vs. reactive ("freezing") stress responses are heritable 
and causally related to differences in the (re)activity of the vertebrate neuroendocrine 
system (Bell et al., 2010; Koolhaas et al., 1999). Handling and novelty associated with 
respirometry, therefore, may generate additive genetic variance in the typical stress-
inflated metabolic rate that is observed at the beginning of all respirometry runs and in 
the time taken for an animal to relax, settle, and express its RMR (Careau et al., 2008). In 
this paper, we compare a series of metabolic measures during respirometry tests that 
could be more or less affected by differences in coping styles among individuals. 
Second, because RMR is positively correlated with body mass (Mb), physiologists 
traditionally include Mb as a covariate to statistically account for its effect on RMR (i.e., 
mass-independent RMR). However, in quantitative genetic studies it is important to 
consider the effect of standardising a trait against another with which it is genetically 
correlated (Wilson 2008). Here, we have followed the suggestion of Tielemen et al. 
(2009b) to compare estimates of additive genetic parameters for both whole-animal RMR 
(in mL 02-hr"1) and mass-independent RMR. Both variables are ecologically relevant but 
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represent different concepts (Hayes, 2001). On one hand, because selection acts on entire 
animals, lower energy needs could be achieved via a reduction in Mb alone (Running et 
al., 2007). Thus, whole-animal RMR should be correlated with traits that share an 
allometric relationship with Mb. On the other hand, deviances from the size-expected 
patterns may be associated with other selection pressures that have acted perpendicularly 
to the main axis of genetic covariance between RMR and Mb. Mass-independent RMR 
should be correlated with particular ecological conditions that have favoured higher 
metabolic intensity - those same conditions that likely have affected other traits, which 
one might intuitively attempt to correlate with RMR. 
Finally, inbreeding depression can affect the phenotype of ecologically relevant traits, 
particularly for traits under strong directional selection pressures (De Rose & Roff, 
1999). Although the effect of inbreeding on energy expenditure has been tested many 
times in ectotherms (Ketola & Kotiaho, 2009; Rantala & Roff, 2006), to our knowledge it 
has been examined only once in an endotherm model (Carter et al., 1999). Consequently, 
we aimed to replicate the results obtained by Carter et al. (1999), who showed that 
inbreeding was negatively correlated with mass-independent RMR. Also, some of the 
morphological, metabolic, and behavioural traits that were considered in our study are 
likely related to fitness (Boon et al., 2007; Larivée et al., 2010). Therefore, it is 
reasonable to expect that they are affected by inbreeding (Fisher, 1930; Roff, 2002), as 
has been found for Mb in particular and for behavioural traits in general (Meffert et al., 
2002). Furthermore, non-random distribution of levels of inbreeding within a pedigree 
can also bias the estimation of quantitative genetic parameters (Ferreira et al., 1999), and, 
therefore, it is important to correct for inbreeding differences among individuals in a 
quantitative genetic analysis. 
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Materials and Methods 
Animals 
We conducted our study on a laboratory population of deer mice, a common mammal 
occupying a wide geographic range in North America. These individuals were of the 
subspecies P. m. sonoriensis, the population of which originated from a stock of 50 wild-
animals that had been collected by Jack Hayes (University of Nevada Reno) near the 
White Mountain Research Station, California. This laboratory population of Sonoran deer 
mice has been subsequently maintained at the Peromyscus Genetic Stock Center (PGSC; 
University of South Carolina, Columbia; http://stkctr.biol.sc.edu). The population was not 
subjected to intentional selection, except that the original mice were tested serologically 
to insure that none carried the Sin Nombre virus (i.e., hantavirus). Animals used in this 
study belonged to three cohorts maintained in our laboratory between 2005 and 2008 
(Wilson et al., 2009). 
This experiment was conducted in parallel with a research program on the effects of cage 
enrichment and inbreeding on behaviour and life history traits. Animals were housed 
under constant conditions (24°C, 35% RH, and a 16L:8D inverse photoperiod) either 
alone or in groups of up to six individuals in cages containing wood chips, cotton for 
nesting, and a shelter. We created two different environmental conditions: "poor" and 
"rich" environments, which consisted of small (i.e., 30.5 x 15 x 18 cm) and large (i.e., 48 
x 35 x 20 cm) rodent cages (Lab Products Inc., Seaford, DE), respectively. In addition, 
rich cages were enriched with a tubular structure and a wheel for voluntary running. Mice 
were fed LabDiet (Purina Mills Inc., St. Louis, MO) ad libitum except during the day 
their metabolism was sampled. 
Starting with the individuals shipped from PGSC to our laboratory (parental cohort), we 
bred individuals over two more cohorts, while intentionally manipulating the inbreeding 
level of individuals. PGSC provided the pedigree for the mice of the parental cohort so 
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that we could breed mice from 16 litters with unrelated individuals or with full-sibs in 
order to create individuals with contrasting inbreeding coefficients (F). Values of F were 
calculated using Pedigree Viewer 6.3 (available at http://www-
personal.une.edu.au/~bkinghor/). Out of the 434 individuals included in our pedigree, 
there were 135 "high-inbred" (median F = 0.30; range: 0.19-0.36) and 399 "low-inbred" 
individuals (median F = 0.06; range: 0-0.13). Females were placed in individual cages 
with a male for reproduction, and kept together until the first signs of pregnancy. All pups 
were individually marked with a combination of ear punches. Juveniles were separated 
from their mother at 31 days of age and maintained with same-sex siblings until they 
were used to produce the next generation. Of a total of 113 cages, only 10 were 
composed of 2 or 3 families, precluding the partitioning of common environment effects 
into early (i.e., maternal) vs. late (i.e., cage) components. 
Metabolic measurements 
We measured O2 consumption of deer mice using a two-channel computerised open-
circuit respirometry system. We placed mice in 900-mL metabolic chambers (metal 
cylinders with airtight transparent lids) in a temperature controlled cabinet regulated at 
30-32°C, within the thermoneutral zone of the species (Chappell & Holsclaw, 1984). 
Temperatures inside the cabinet and the metabolic chambers were measured with 
calibrated thermocouples; the two temperatures usually equilibrated early in the 
recording. Dry, C02-free air (Drierite and Ascarite) was pumped into metabolic chambers 
at a constant flow rate of 200 mLmirf1 maintained with mass-flow controllers (Sierra 
Instruments, Monterey, CA, Side-track model 844) upstream from chambers. Mass-flow 
controllers were calibrated and corrected to STP with a mass-flow meter (model 5850E, 
Brooks Instruments; Hatfield, PA). One stream was used to calibrate the O2 analyser 
(Model FC-1, Sable Systems International) to a concentration of 20.95% at the start and 
end of each run (baseline). A sub-sample (100 mL -min-1) of the effluent chamber air was 
dried and pumped through the O2 analyzer. Analog outputs from the O2 analyzer and 
thermocouples inside chambers were fed to a computer via a 16-bit A/D converter card. 
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We acquired and recorded respiration traces using DATACAN (Sable Systems 
International). We used ExpeData (Sable Systems International) to correct for drift in the 
baseline by calculating predicted baseline throughout the course of sampling. We 
calculated metabolic rate in mLCVh"1 according to eq. 4a of Withers (1977) without 
taking CO2 production into account, allowing a more accurate estimation of energy 
metabolism (Koteja, 1996b). 
Although respirometry measurements are usually conducted during the inactive phase of 
animals, we designed our protocol to measure metabolic rate during the active phase of 
mice (between 12:00 and 17:00) to obtain the highest possible amount of behaviourally-
driven variation in the metabolic data. Animals were fasted from the onset of light for 4-6 
h prior to experimentation and then measured over 2 h. Deer mice are usually post-
absorptive after 4-6 h when fed LabDiet (Russell & Chappell, 2007). Since feeding in 
mice predominantly occurs during the dark phase, we assume that mice in our study had 
not fed for at least 4 h, and, thus, our measures were unlikely to incorporate significant 
elevations in metabolism due to specific dynamic action of food. However, part of the 
variability observed in our metabolic measures might reflect individual temporal 
differences in feeding/food processing (Meyer et al., 2007). Because of this possibility 
and because metabolism was measured during the active phase of the daily cycle, we 
refer to our measures as resting rather than basal metabolic rate. O2 concentration was 
determined once every 5 s (averaged over 5 readings) and monitored during 10 periods of 
5 consecutive minutes, switching between two chambers over 2 h (Fig. 1 A). We allowed 
a one-minute delay between switches to let the system wash out completely. Four animals 
were measured each day and Mb was recorded upon their exiting from the metabolic 
chambers. Between 20 November 2006 and 2 March 2007, we obtained respirometry 
records of 79 females and 101 males for a total of 180 adult mice from the second and 
third cohorts. 
As a result of standardisation of respirometry procedures over time, physiologists usually 
retain and analyse < 5% of the data that they record - the lowest, stable, and continuous 
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bout of metabolism (i.e., the RMR). Yet we still know little as to whether or not 
individuals consistently differ in their initial, stress-inflated metabolism and in the pace at 
which it decreases to reach RMR (but see Hayes et al., 1992b). In this study, the lowest 5-
min bout of metabolic rate (MR) was selected and termed the "lowest MR". Some (N = 
75) individuals clearly remained active throughout the run (Fig. 1A, active mice), 
whereas others rested (N= 105; Fig. 1A, resting mice). Therefore, out of 180 measures of 
lowest MR, 105 were qualified as RMR measures because the individuals rested in the 
metabolic chamber. The transparent lids of the metabolic chambers allowed us to visually 
record the state (active or resting) of individuals at the end of each respirometry run, 
which in combination with visual inspection of the metabolic curve, served to determine 
which measurement could confidently be termed RMR. The MR during the first bout of 5 
minutes of the respirometry run (first MR, hereafter) could be indicative of the stress 
response to being handled and placed in a novel environment. We also selected the 
highest 5-min period of spontaneous energy expenditure, referred to as "high MR". 
Finally, in order to objectively estimate how MR varies over the course of a respirometry 
run and to make full use of the metabolic data that we collected, we applied the random 
regression approach on the 10 repeated MR measures per individual (within the same run; 
Fig. IB). After centering, the intercept of the linear regression of MR vs. time 
corresponds exactly to the average of the 10 MR measures throughout the respirometry 
run ("average MR"), which we consider here as an overall estimate of energy expenditure 
during the potentially stressful recording event. The slope of the regression line 
corresponds to the MR temporal pattern (i.e., the RMR—lowest MR continuum), which is 
an objective measure of how the MR decreased or remained constant throughout the run. 
Therefore, in addition to RMR, we considered the following MR variables in our data set: 
lowest MR, first MR, high MR, average MR, and slope MR. 
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Figure 1. Representative example of the respirometry curves recorded in this study 
on deer mice (Peromyscus maniculatus sonoriensis). In between initial and final 
baselines, the system recorded metabolic rate (MR) in a 5-min alternating regime, 
switching between two chambers. Over 2 hours, a total of 10 bouts of § min were 
available per individual. Raw respirometry curves are presented in A, where both 
mice show typical elevated MR during the beginning of the trial, but after 40 
minutes one mouse clearly rested (black symbols) whereas the other remained active 
(grey symbols). Data are shown in B to depicts how the two individuals in A were 
"perceived" by the random regression approach, where each dot represents the 
average per bout of 5-min (triangles up and down represent the active and resting 
mice, respectively). 
Behavioural measurements 
We measured behaviour using the hole-board test (Archer, 1973; Réale et al., 2007; 
Walsh & Cummins, 1976). All mice were tested between 09:30 and 17:30. Prior to the 
hole-board test, mice were brought from the animal facility and kept in a dark room 
adjacent to the testing room. The hole-board consisted of circular plastic pool (60 cm 
radius) painted white with sixteen bottom holes present in the centre of the arena (Figure 
2). The walls of the arena were high enough to prevent mice from escaping. The observer 
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positioned each mouse in a start zone, closed a black curtain around the arena and then 
remotely released the mouse using a string to lift the can that restrained the mouse in the 
start zone. Each mouse was allowed to explore the novel environment under full lighting 
conditions for two minutes. The behaviour of the mouse was video-recorded throughout 
the test with a camera (Panasonic CCTV) fixed on top of the hole-board. After each test, 
the hole-board was cleaned with 70% ethanol. We used Ethovision (Noldus, 
Wageningen, The Netherlands) to track and compute mice behaviour in the hole-board 
arena. We focus our analysis on two behavioural traits: total distance moved and time 
spent in the centre of the hole-board (centre defined as a smaller concentric circle within 
the hole-board; Figure SI). In operational terms, the total distance that is moved by 
muroid rodents is considered as an index of voluntary ambulation, whereas time spent in 
the centre represents boldness, or the inverse of "fear" or "anxiety" (Walsh & Cummins, 
1976). We performed behavioural testing once on the parental cohort (69 individuals), 
three times on the first cohort (127 individuals), and twice on the second cohort (134 
individuals; i.e., grand-offspring of the parental cohort). 
Figure 2 Configuration of the hole-board apparatus used in this study (topview). 
Periphery zone 
Centre zone 
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Data analysis 
We used ASREML-R (Butler et al., 2007) to run various types of animal models 
(univariate, random regression, and bivariate). The animal model is a form of linear 
mixed-model that uses all of the information on the coefficient of co-ancestry among 
individuals in a pedigree to estimate quantitative genetic parameters, and in which an 
individual's additive genetic effect (the "breeding value") is included as a random effect 
to allow the estimation of additive genetic variance in pedigreed populations (Kruuk, 
2004; Wilson et al., 2010). We used a pedigree that was comprised a total of 434 
individuals spread over nine generations (Figure 3), with 27 wild, presumably unrelated 
ancestors. The number of informative individuals differed among analyses, depending on 
the sample size of phenotyped individuals for the trait involved. Although unmeasured 
individuals are phenotypically uninformative, they contribute importantly to the analyses 
because they are used in the calculation of the expected additive genetic covariance 
between assayed individuals. We used PEDANTICS (Morrissey & Wilson, 2010) to 
calculate the number of "informative individuals" in the pedigree (Table 1). 
To partition the total phenotypic variance (FP) of MB and metabolic traits, we first ran a 
set of univariate animal models including three random components: additive genetic 
(VA), common environmental (PCE; i.e., mother ID fitted as random effect, since we only 
used full-sib families), and environmental (FR.; residual) variance. As we collected up to 
three hole-board tests per individual, it was possible to estimate the permanent 
environment effects (FPE) of distance moved and time spent in the centre by fitting 
individual identity as a random term. We calculated narrow-sense heritability (h2), 
common environment (c2), and permanent environment (pe2) effects in each trait 
separately by dividing FA, VCE, or FPE by FP, respectively. 
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Figure 3. Pedigree of the deer mice population used in this stndy, with maternal 
links in black and paternal links in grey. Most individuals from generations 0 to 6 
were maintained at the Peromyscus Stock Genetic Center. The three cohorts of mice 
bred at UQAM and for which we had phenotypic records belonged to generations 3 
to 9. 
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Table 1. Descriptive statistics and sample sizes for morphological (body mass; Mb), 
physiological (whole-animal metabolic rate; MR), and behavioural traits measured 
in this study on deer mice. Also shown is the number of pedigreed individuals that 
are "informative" to the animal model analyses. 
Categories Traits Units Descriptive statistics Sample sizes 
Mean SD Min Max CV 
Pheno typed 
individuals 
Informative 
pedigree 
Morphology Mb g 21.04 4.07 13.38 36.56 19.34 180 306 
Physiology Resting MR mL02h*1 37.7 8.9 19.6 58.5 23.5 105 233 
Lowest MR mLOî-h"1 50.0 19.7 19.6 120.7 39.4 180 306 
First MR mLCVh"1 96.9 19.1 49.8 161.8 19.8 179 306 
HightMR mLOî-h"1 103.5 20.3 55.2 173.2 19.6 180 306 
Average MR mLOî'h"1 76.2 20.6 31.0 135.0 27.0 180 306 
Behaviour Distance moved cm 2206 973 108 7976 44 330 396 
Duration in centre s 33.63 18.47 0 105.4 54.9 330 396 
Since phenotypic data distributions were slightly skewed, we logio-transformed all MR 
variables and square-root transformed behavioural variables (distance moved and time 
spent in centre) to obtain normally distributed residuals. We started building models by 
including cohort, sex, inbreeding category, experimental block, environmental condition 
(poor vs. rich, as defined by home-cage size and enrichment), number of cage-mates 
(range: 0-6), date of test, and time of day as fixed effects and tested their significance 
with a conditional Wald statistic with an F-approximation to its sampling distribution. 
We used backwards deletion of variables to retain only marginally significant (P < 0.1) 
covariates in final models (see Wilson, 2008 for a thorough discussion on the importance 
of being explicit about the fixed effects included in models). Once the structure of fixed 
effects was selected, we tested the significance of random variance components using 
likelihood ratio tests (LRT) by comparing the log-likelihoods of the "full" model vs. a 
"reduced" model that did not include the variance component being tested. The test 
statistic is equal to twice the difference in log-likelihoods between the two nested models 
and assumes that it follows a ^-distribution with one degree-of-freedom (1 df). We also 
included maternal genetic effects to all models, but its information matrix was largely 
redundant to VCE since mothers only produced one clutch (results not shown). 
96 
We ran a second set of analyses using all repeated measurements of MR (Fig. IB) to test 
the heritability of instantaneous habituation to respirometry (Careau et al. 2008). We used 
the random regression approach to test for the presence of individual variation in 
metabolic pattern during respirometry, or the slope at which MR decreases through time. 
In a model including significant fixed effects and individual identity (ID) as a random 
effect, we included the latter variable's interaction with time ("ID X /") as an additional 
random term and tested its significance using an LRT (described above). This approach 
allows for the estimation of variance in intercept (ED random term; same as the variable 
"average MR"), slope of the response variable through time ("ID X ? random term), and 
the covariance between them (hence, the significance of the interaction term is tested 
with 2 df). We tested for the presence of FCE and VA components on the individual slope 
estimates using random regression animal models (RRAM, Wilson et al., 2005). We 
constructed seven models by sequentially including VCE and FA terms and their 
interactions with time ("PCE X f and "FA X /") as random terms until no significant 
increases in the likelihood of the model occurred. 
Finally, we ran a set of bivariate animal models to estimate genetic covariance (COVA) 
between traits, provided that the FA components of the traits involved were significant 
and that the geometric mean of their h was higher than 0.15 to avoid spurious results 
(Roff, 2001). We started building our bivariate models by using the initial values (for 
variance components) and the fixed effects structure obtained from our univariate 
models. We tested the significance of COVA using a LRT between a full bivariate model 
that included COVA VS. a reduced model where COFA was constrained to zero (Wilson et 
al., 2010). The genetic correlation (rA) between two traits was calculated as their COVA 
divided by the square root of the product of their VA. Means are presented with ± SE. 
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Results 
Effect of inbreeding and other covariates 
Inbreeding had a significant negative effect on Mb (high-inbred: mean Mb = 19.96 ± 0.36 
g; low-inbred: Mb = 22.16 ± 0.47 g; F\,m,s ~ 12.98, P < 0.001). On a whole-animal basis, 
high-inbred individuals had lower RMR (high-inbred: 36.34 ±1.18 mL C^-hr"1, low-
inbred: 39.22 ± 1.24 mL 02-hr"1; Fijoi = 4.76, P = 0.03) and high MR (high-inbred: 
100.57 ± 2.09 mL 02-hr1; low-inbred: 106.63 ± 2.14 mL Orhr1; FU3>.6 = 4.86, P = 
0.03). Upon conditioning on Mb, however, inbreeding had no effect on RMR (Fij7i 4 = 
0.15, P = 0.69) or any mass-independent MR variables (all P > 0.05; Fig. 4, grey vs. 
black symbols). Distance moved in the hole-board was not influenced by inbreeding 
(fi,i87.8 = 0.19, P = 0.66). In contrast, time spent in centre was positively influenced by 
inbreeding (high-inbred: 35.78 ± 1.17 s; low-inbred: 32.14 ± 0.95 s; FI>36 I = 5.57, P = 
0.024). 
Adult Mb measured at respirometry significantly differed among cohorts (Gl: 22.02 ± 
0.42 g; G2: 19.49 ± 0.36 g; F,,19.i = 14.87, P < 0.001) and sex (males: 22.01 ± 0.42 g; 
females: 19.79 ± 0.40 g; F\ m.6 = 19.07, P < 0.001). The phenotypic correlation between 
Mb and RMR was highly significant (rp = 0.43, F\<m3 = 35.59, P < 0.001; Fig. 4), as with 
all other MR measures except LMR (F\t\e%i = 2.07, P = 0.15). All the additional MR 
variables, except slope MR, were positively correlated with one another (Table 2; r > 
0.22; P < 0.05). 
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Figure 4. Relation between body mass (Mb) and metabolic rate (highest metabolic 
rate = high MR; resting metabolic rate = RMR) according to inbreeding category 
(high vs. low). Although high-inbred mice had lower Mb, their mass-independent 
MR was not influenced by inbreeding. 
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Table 2. Phenotypic correlations among different measures of metabolic rate (MR) 
extracted from respirometry carves recorded on deer mice. All correlations are 
based on 180 individuals except those involving the variable Resting MR (N = 105). 
Above diagonal are whole-animal correlations (raw data) whereas below diagonal 
are mass-independent correlations (residual data adjusted for body mass and 
significant covariates). All measures were significantly (P < 0.05) correlated with 
each other except the Slope MR vs. High MR relationships. 
Resting MR Lowest MR First MR High MR Average MR Slope MR 
Resting MR - 1.00 0.34 0.39 0.71 0.34 
Lowest MR 0.89 - 0.35 0.47 0.82 0.59 
First MR 0.32 0.38 - 0.80 0.63 -0.25 
High MR 0.34 0.50 0.71 - 0.78 -0.08 
Average MR 0.66 0.81 0.55 0.77 - 0.31 
Slope MR 0.22 0.57 -0.24 -0.02 0.34 -
Cohort had a significant effect on two metabolic variables (high MR: F\ ,174.2 = 7.73, P = 
0.006; average MR: /Y24.9 = 15.23, P = 0.001), with mice from the last cohort having 
higher metabolism than mice from the previous cohort. Sex had a significant effect on 
high MR (F,,,72.9 = 20.12, P < 0.001) and first MR (F\,m= 10.40, P = 0.002), with 
males characterised by higher metabolism than females (first MR; males: 101.61 ± 1.71 
mL 02-hr"1; females: 88.66 ± 1.92 mL 02-hr"1; high MR; males: 110.18 ± 1.68 mL 02-hr" 
females: 95.03 ± 110.18 mL 02-hr*1). RMR and LMR were higher early in the 
afternoon (early-afternoon RMR = 40.10 ± 1.14 mL 02-hr"1; late-afternoon RMR= 35.69 
± 1.21 mL 02-hr"', F\<n = 15.23, P < 0.001; LMR in early-afternoon = 53.06 ± 1.94 mL 
02-hr"1, late-afternoon LMR = 47.01 ± 2.17 mL 02-hr"1, ^1,163.1 = 7.06, P = 0.01). RMR 
was also significantly affected by a dummy variable coding for the social environment of 
individuals (^*"1,95.9 = 10.03, P < 0.001): individuals alone in their cage had lower RMR 
(35.16 ± 1.45 mL 02-hr'1) than those held in groups (38.83 ± 1.05 mL 02-hr'1). Both 
behavioural variables were adjusted for experimental block and the date that the test was 
conducted. Distance moved was marginally influenced by cohort (7 ,^419 3 = 2.69, P = 
0.07) and sex (Fi ,189.3 = 3.80, P = 0.06). Time spent in the centre, in contrast, was only 
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affected by environmental enrichment (Fi,i63 = 7.06, P = 0.009): individuals held in 
"poor" vs. "rich" environments spent 28.58 ± 1.10 s and 36.01 ± 0.97 s in centre, 
respectively, a difference of 26%. Obviously, part of the variation in traits considered 
here was attributed to differences between cohorts, sex, environmental conditions, time of 
day, date, and experimental block. 
Univariate analyses 
In the following analyses, all significant sources of phenotypic variation that had been 
enumerated above were removed from the focal traits (i.e., the residual variation is 
further split among variance components: FA, VCE, and VPE). Variance components from 
univariate animal models varied among morphological, physiological, and behavioural 
traits (Table 3). Mb had VCE bounded to zero, but VA was significantly higher than 0 
(Table 3). Whole-animal RMR was the most heritable trait considered in this study (h2 = 
0.49). Mass-independent RMR had also significant VA component (Table 3). Of the 
additional mass-independent MR traits considered in this study, only high MR had a 
significant VA component (Table 3; results on a whole-animal basis were identical for this 
variable, h2 = 0.41; x2 = 9.23; P = 0.002; results not shown for other whole-animal traits). 
Although the Va component was marginally non-significant in the variable "average MR" 
(Table 3), it was non-significant (all P > 0.23) for all the other MR measures (lowest MR 
and first MR). The variables LMR and first MR had low and marginally significant PCE 
(Table 3). The two behavioural measures derived from the hole-board tests had their 
phenotypic variance partitioned differently. Time in the centre had a significant VPE 
component (pe2 = 0.17 ± 0.07; LRT x2 = 5.39; P = 0.02) and a marginally non-significant 
VQE component Table 1). Distance moved, in contrast, had non-significant VPE (pe2 = 0.14 
± 0.07; LRT x2 = 2.39; P = 0.12) and Vqe components but a significant Va (Table 3). 
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Table 3. Components of variance (±SE; V\, additive genetic; VCE, common environmental; FpE, permanent 
environmental; Vr, environmental variance) obtained in univariate analyses of body mass (Mb, log-transformed), 
metabolic rate (MR, log-transformed, RMR = resting metabolic rate), and behaviour in a novel environment (time in 
the centre and distance moved, square-root transformed) in deer mice. Statistical significance of V\ and Vet, 
components was tested using log-likelihood ratio statistics of the full models (VA + VOL+ ^R) VS. reduced models (VCE + 
Vu or FA + FR, respectively), which follow a chi-square (X2) distribution with one degree of freedom. Vpt was fitted to 
behavioural measures as they were the only variables measured repeatedly. Abo shown is the proportion of variance 
explained by the additive (At2) and common environmental (c2) components. All metabolic rates (MR) were conditioned 
on log-transformed Mb, unless otherwise stated. 
Trait Components of variance Heritability Common environment 
rA± SE KCE±SE F|>E± SE FR±SE h 2 ± SE X* P  c2± SE X 2  P 
Mfc 0.0020 ± 0.0009 0.0000 ± 0.0000 - 0.0029 ± 0.0006 0.41 ±0.16 530 0.021 0.00 ± 0.00 0.00 0.999 
Whole-animal RMR 0.0050 ± 0.0026 0.0000 ± 0.0000 - 0.0051 ±0.0018 0.49 ± 0.20 7.85 0.005 0.00 ± 0.00 0.00 0.999 
RMR 0.0026 ± 0.0017 0.0000 ± 0.0000 - 0.0046 ± 0.0013 0.36 ± 0.20 4.35 0.037 0.00 ±0.00 0.00 0.999 
Lowest MR 0.0033 ± 0.0041 0.0032 ± 0.0025 - 0.0193 ±0.0031 0.13 ±0.15 1.06 0.303 0.12 ±0.09 3.05 0.081 
First MR 0.0000 ± 0.0000 0.0008 ± 0.0004 - 0.0045 ± 0.0005 0.00 ± 0.00 0.00 1.000 0.16 ± 0.07 2.44 0.118 
High MR 0.0023 ± 0.0011 0.0000 ± 0.0000 - 0.0031 ±0.0007 0.42 ± 0.16 8.41 0.004 0.00 ± 0.00 0.00 1.000 
Average MR 0.0041 ±0.0027 0.0005 ± 0.0011 - 0.0088 ±0.0018 0.31 ±0.18 2.98 0.084 0.04 ±0.08 0.26 0.609 
Duration in center 0.1902 ± 0.1825 0.1748 ± 0.1107 0.3639 ± 0.1483 1.4622 ±0.1177 0.09 ± 0.08 1.45 0.229 0.08 ±0.05 3.65 0.056 
Distance moved 17.126 ±8.9212 0.0000 ± 0.0000 14.021 ±7.4379 71.195 ±5.7295 0.17 ± 0.08 5.16 0.023 0.00 ± 0.00 0.00 0.999 
o N> 
Random regression animal model 
Results obtained with the RRAM approach were similar to those obtained with the univariate 
analysis in terms of "average MR", or intercept, in addition to test how repeated MR measures 
changed with time during respirometry (Fig. IB). Model 4 (Table 4) indicated significant VCE 
in the intercept (D2 = 0.12; P < 0.01). In model 6, however, 75% of VQE went into VA, which 
was marginally non-significant (H2 = 0.21; P - 0.09; similar to the variable "average MR" in 
the univariate analysis). According to the RRAM approach, there appears to be no significant 
VA for metabolic pattern during respirometry, as the inclusion of the "VA X time" interaction 
did not significantly improve the model likelihood (model 7; P = 0.89). 
Table 4. Hierarchical mixed-models describing the metabolic reaction daring 
respirometry in deer mice. The estimated variance for each component fitted is given for 
each model (effects that were not fitted are indicated by a dash). The significance of each 
higher-order term was tested based on the increase in log-likelihood (log L), starting with 
a model including only environment-specific residuals (model 1) and ending with model 7 
which includes all terms that showed significance through model building. Terms are 
common environment (VCE), individual identity (Fm), which becomes permanent 
environment (FPE) when additive genetic variance (VA) is included. The term "f" 
represents time in 5-min intervals between successive metabolic measurements (see Fig. 
IB). 
models random regression model terms Test 
PlorFE HorPE X< Vce Vce X I  V A  Va X I  V *  logL y d.f. P  
mode] 1 - - - - - - 0.0257 2337.32 
model 2 0.0138 - - - - - 0.0122 2767.14 859.64 1 0.000 
model 3 0.0140 0.0004 - - - - 0.0089 2890.63 246.98 2 0.000 
model 4 0.0114 0.0004 0.0027 - - - 0.0089 2894.75 8.23 1 0.004 
model 5 0.0114 0.0004 0.0027 0.0000 - - 0.0089 2895.15 0.82 2 0.665 
model 6 0.0091 0.0004 0.0004 - 0.0049 - 0.0089 2896.17 2.85 1 0.091 
model 7 0.0091 0.0004 0.0004 - 0.0049 0.0000 0.0089 2896.30 0.25 2 0.883 
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Bivariate models 
Bivariate genetic analyses produced Va estimates similar to the univariate analyses and also 
allowed us to test the significance of COVA among pairs of heritable traits. There was a large 
positive additive genetic correlation between Mb and RMR (rA - 0.76), but not between Mb 
and high MR (rA = 0.33), for which the environment-specific covariance was significant (rn = 
0.43; Table 5). Therefore, the highly significant phenotypic correlations between Mb and the 
two heritable metabolic traits were driven by different mechanisms. The relationships between 
RMR and high MR were different on a whole-animal vs. mass-independent basis: although the 
phenotypic correlations did not differ, whole-animal traits tended to be positively genetically 
correlated whereas mass-independent traits were not (Table 5). Mb also tended to be 
negatively correlated with distance moved in the hole-board (rA = -0.45), although the COVA 
component was only marginally non-significant (P = 0.07). Correlations with distance moved 
also differed between whole-animal vs. mass-independent analyses. The value of rA between 
distance moved and high MR was low and non-significant in both set of analyses. Whole-
animal RMR was not significantly correlated with distance moved, in contrast to mass-
independent RMR (rA = 0.67). The correlation was not apparent at the phenotypic level 
because correlation due to specific environmental effects (te) tended to be negative (Table 5). 
Discussion 
We report for the first time a significant genetic covariance between RMR and behaviour. This 
correlation may have resulted from co-evolution between RMR and exploratory behaviour in 
deer mice in response to antagonistic selection pressures such as the risk of prédation vs. the 
abundance and predictability of food (Careau et al., 2009; Houston, 2010; Koteja & Weiner, 
1993; Mueller & Diamond, 2001). In addition, it was recently shown in the bank vole (Myodes 
glareolus) that RMR is genetically correlated with growth rate (Sadowska et al., 2009). Taken 
together, our studies support the contention that genetic connections exist between energy 
expenditure, behaviour, and life-history leading to a pace-of-life syndrome (Réale et al., 
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2010). In the following sections, we will (/) compare how FP was partitioned differently 
among traits, (K) further discuss the COVA we obtained in light of inter-specific correlations 
and co-evolution, and (iii) briefly consider results related to 1) coping styles and respirometry, 
2) whole-animal vs. mass-independent RMR, and 3) effect of inbreeding on RMR. 
Table 5. Additive genetic covariance (COVA) between pairs of significantly heritable 
traits [log-transformed body mass (Mb; N = 180), log-transformed metabolic rate (RMR 
N= 105; and high MR; N = 180), and square-root transformed distance moved in the 
hole-board (N = 623)], with significance probability (JP) of the COV\ component obtained 
by likelihood-ratio tests. Also shown are additive genetic (rA), specific-environmental 
(I"E), and phenotypic (rp) correlations. All traits were adjusted for significant covariates 
detected in the univariate analysis. Correlations between pairs of heritable traits were 
made with and without Mb included as a fixed effect, which respectively correspond to 
whole-animal and mass-independent correlations. 
Pair of heritable traits CO Va ± SE P rA ± SE rn P rp p 
Correlations with Mt, 
Mb-RMR 0.0023 ± 0.0012 0.019 0.76 ± 0.22 0.31 0.176 0.43 <.001 
Mb- high MR 0.0008 ± 0.0008 0.304 0.33 ± 0.29 0.43 0.015 0.47 <.001 
Mb - distance moved -0.0822 ± 0.0477 0.074 -0.45 ± 0.23 -0.06 0.408 -0.18 0.018 
Whole-animal correlations 
RMR - high MR 0.0022 ± 0.0014 0.060 0.62 ± 0.25 0.79 0.141 0.39 <•001 
RMR - distance moved 0.0576 ± 0.0789 0.475 0.21 ± 0.29 0.69 0.999 0.02 0.298 
High MR - distance moved 0.0104 ± 0.0614 0.352 0.05 ± 0.05 -0.04 0.999 0.02 0.773 
Mass-independent correlations 
RMR - high MR 0.0011 ± 0.0011 0.253 0.46 ± 0.34 0.27 0.174 0.30 0.002 
RMR - distance moved 0.1422 ± 0.0704 0.035 0.67 ± 0.26 -0.61 0.980 0.10 0.298 
High MR - distance moved -0.0099 ± 0.0559 0.864 -0.06 ± 0.34 -0.04 0.995 0.11 0.154 
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Heritability of RMR 
Our study adds to the rapidly growing literature on the quantitative genetics of energy 
expenditure (Bacigalupe et al., 2004; Nilsson et al., 2009; Rcmning et al., 2007; Sadowska et 
al., 2009; Tieleman et al., 2009a; Wone et al., 2009). Although our h2 estimate for RMR is 
within the range commonly reported (0-0.40), our result is surprising because Russell and 
Chappell (2007) previously reported no repeatability of basal metabolic rate (BMR) in another 
population of P. m. sonoriensis. There are several non-mutually exclusive hypotheses to 
explain why repeatability does not always set the upper limit to t? and why an /i2 or 
repeatability estimate in a particular population does not always reflect A2 or repeatability for 
the species in general (Dohm, 2002; Tieleman et al., 2009b; Visscher et al., 2008). An obvious 
reason for the discrepancy between our results and those of Russell and Chappell (2007) is 
that our measures of metabolism were different. Indeed, these authors measured BMR in the 
inactive period at a mass-specific rate of 0.0275 mL Ch'g ^hr"1, which is 8% lower than our 
RMR measures taken during the active period of mice (0.0299 mL (Vg^-hr1). BMR is 
typically 5 to 15% lower than RMR in small mammals (Nespolo et al., 2003b), but generally 
they are considered as closely related traits. In face of no repeatability, Russell and Chappell 
(2007) suggested that the lowest rates of energy expenditure that are measured during the 
inactive phase (i.e., the BMR) may have limited evolutionary potential. In contrast, we suggest 
that the maintenance costs measured during periods that are normally devoted to energetically 
demanding behaviours such as locomotion, fighting, and mating (i.e., the RMR) might allow 
for more differences among individuals, and, therefore, better reflects behavioural adaptive 
strategies within the population (Houston, 2010). 
Additive and non-additive sources of behaviour 
We obtained significant Va for distance moved in the hole-board, after controlling for 
common- and permanent-environmental effects. Our h2 estimate of 0.17 exactly corresponds 
to the average A2 previously reported for behavioural traits in general in semi-domestic species 
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(Stirling et al., 2002). Significant VA has also been reported for behavioural reaction to novelty 
(Dingemanse et al., 2002; van Oers et al., 2004) and for other personality traits in wild animals 
(Sinn et al., 2006), primates (Weiss et al., 2000), and humans (McGue & Bouchard, 1998). In 
our study, we obtained a lower h2 for behavioural than for morphological and physiological 
traits. This could indicate that exploratory activity is under more intense selection than Mb and 
RMR in deer mice (Stirling et al., 2002), or that exploratory activity is more sensitive to 
environment-specific (residual) variation (Houle, 1992; Merilâ & Sheldon, 1999). 
Using a quantitative genetic approach, we have detected the presence of significant non-
additive effects (VPE and VCB) in the variable time spent in the centre, a measure of boldness 
(the inverse of fear or anxiety). It is thus likely that boldness is subjected to strong directional 
selection in nature, as generally found in traits with low VA compared to dominance variance 
(FD) (Crnokrak & Roff, 1995). In fact, because we did not include FD in our models, some of 
the variance associated with Fb might have been subsumed in the Vpe estimate (Wilson et al., 
2010). Interestingly, time spent in the centre was the only variable (other than Mb) that was 
significantly affected by inbreeding, which gives further support for high VD in risk-taking and 
strong selection on this trait in Sonoran deer mice. Our results give further support to the 
general observation that estimations of /J2 in behavioural traits are especially subject to 
potentially confounding non-additive and indirect genetic effects, such as dominance, 
epistasis, genotype-by-environment interactions, and genotype-by-genotype interactions 
(Meffert et al., 2002; Wilson et al., 2009), and suggest that non-additive effects can influence 
the evolution of behaviour. 
Genetic correlations and co-evolution 
It might seem difficult at first glance to reconcile the positive COV\ that we obtained between 
RMR and distance moved in a novel environment with the negative inter-specific correlation 
between BMR and time spent in locomotion in an open-field across 17 muroid species, 
including P. maniculatus (Fig. 5, grey line, Careau et al., 2009). Yet, such a contradictory 
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pattern has already been found for the link between Mb and fertility (typically positive within 
species, but negative across species), and between life-history and behavioural traits (Pelletier 
& Festa-Bianchet, 2004). Furthermore, Houston (2010) recently demonstrated theoretically 
that the correlation between RMR and behaviour can be either positive or negative if animals 
adopt the best (i.e., optimal) behaviour for their RMR. Within the Neotominae clade, 
interestingly, distance moved in the open-field is positively correlated with mass-independent 
BMR (Fig. 5, black line, r = 0.95, N= 7, P < 0.01). 
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Figure 5. Relationship between mass-independent basal metabolic rate (BMR; residuals 
from its regression against body mass) and number of squares crossed during a 10-min 
open-field test among 17 muroid rodent species (grey line; black and grey symbols) and 
within a subset of 7 Neotominae species (black line and symbols; Peromyscus 
maniculatus, P. polionotus, P. eremicus, P. leucopus, P. gossypinus, Scotinomys teguina, 
and Baiomys taylori). Data from Careau et al. (2009). 
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The positive COV\ within P. maniculatus and the inter-specific correlation within the 
Neotominae may reflect particularly important correlational selective pressures that have acted 
during the evolutionary divergence of mice. The muroid taxon presents very diverse 
ecological adaptations that can be categorised in three distinct adaptive strategies: the mouse, 
vole, and hamster strategies. Within the vole strategy, for example, one might not necessarily 
expect a positive correlation between distance moved and RMR because Koteja and Weiner 
(1993) noted that their "high metabolic rate may be related to the extra metabolic cost of 
digestion or the contribution of symbiotic intestinal flora to the overall metabolic rate." In 
contrast, mouse strategists "have to be very active in collecting sparsely distributed high-value 
food, and their high metabolic rates may [instead] be related to a large contribution of 
movement and sensory activity in total metabolism" (Koteja & Weiner, 1993). It was later 
shown that Peromyscus species that have evolved in the presence of abundant food have 
higher metabolism and are behaviourally more active compared with species in less productive 
environments (Mueller & Diamond, 2001). Environmental productivity may therefore be the 
main selective pressure that has simultaneously influenced the costs and benefits of 
exploration and metabolic strategies (Careau et al., 2009). Even though such a post-hoc 
interpretation should be treated cautiously and warrants further replication, it constitutes a 
potential link between micro-evolutionary parameters (h2, genetic correlation), macro-
evolutionary patterns (inter-specific correlation), and environmental conditions (food 
productivity and digestibility). 
Coping styles and metabolic pattern during respirometry 
Most empirical physiologists that worked with marked-individuals intuitively know that 
animals react differently and consistently to being handled before respirometry procedures 
(Hayes et al., 1992b). However, we did not find significant VA in the level of energy 
expenditure expressed at the beginning of the respirometry procedure, which suggests that 
individuals do not react to respirometry procedures in a manner reminiscent to coping styles 
(Koolhaas et al., 1999). Another interesting possibility is that the overall energy costs are the 
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same for the contrasting stress responses, but for different reasons. When enduring stress, 
proactive individuals are characterised by adrenaline secretion and much higher activity levels 
than reactive individuals, which secrete more glucocorticoids (Koolhaas et al., 1999). Higher 
activity levels should lead to higher energy expenditure when coping with stress; if the 
proactive vs. reactive coping styles are energetically similar, then further research should 
attempt to identify what energetically-demanding processes are at play in the reactive coping 
style. 
It is also possible that the difference between proactives and reactives lies in the temporal 
pattern of activity during stressful situations (Montiglio et al., 2010). Using a RRAM 
approach, however, we did not find Va for the pace at which MR changes during the whole 
respirometry recording event, casting doubts on the extent to which instantaneous habituation 
to respirometry is heritable, at least from the point of view of energetics. This result suggests 
that, even though a given respirometry protocol is designed in a way that only -60% of 
individuals rest at some point in the metabolic chamber, the exclusion of restless individuals is 
not biasing RMR measures towards one particular personality type, at least at the genetic 
level. Instead of standardising all respirometry trials to a given length and looking at the 
individuals that rested, as was the case in this study, it would be interesting to look at how 
long a given respirometry bout should be extended to obtain the RMR of "restless" individuals 
(Hayes et al., 1992b). Nevertheless, there was significant Va for the variable high MR - the 
highest level of energy expenditure voluntary expressed during the whole respirometry 
procedure. High MR was not genetically correlated with RMR in the mass-independent 
analysis, suggesting that it bears an evolutionarily independent signal from RMR. 
Finally, it is interesting to note that the social environment of the individuals (held alone or in 
a group) was correlated with RMR. Individuals held in a group may have higher RMR because 
they were socially isolated in the metabolic chamber (an additional stress), or it could be 
possible that having cage-mates increases daily energy expenditure levels, which is reflected 
in the RMR. Although our dataset does not allow us to discern which of the possibilities best 
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accounts for the differences in RMR, this result points towards sociability as being an 
overlooked aspect of the personality-RMR hypothesis (Biro & Stamps, 2008; Careau et al., 
2008; Houston, 2010). Studies on the effect of social rank on RMR in birds has shown how 
social rank may be tied to RMR, although not consistently (Bryant & Newton, 1994; Senar et 
al., 2000; Vézina & Thomas, 2000). 
Whole-animal vs. mass-independent metabolism 
Tieleman et al. (2009b) emphasised that there is no best way to take Mb into account when 
analysing RMR in light of evolutionary questions and warned that it is dangerous to correct 
RMR for Mb without considering their evolutionary potential independently and in concert. In 
birds, the evolutionary potential of RMR that is independent of Mb seems to vary among 
populations and species (R0nning et al., 2007; Tieleman et al., 2009b). In mammals, however, 
the absence of studies comparing whole-organism vs. mass-independent RMR has prevented 
the verification of the interpretation posed by Tieleman et al. (2009b) regarding the 
independent evolutionary potential of RMR and Mb, until now. Two of our metabolic 
measures (RMR and high MR) were heritable, but only RMR was genetically correlated with 
Mb. As a result, the 1? estimate for whole-animal RMR decreased from 0.49 to 0.36 when 
conditioning on Mb, whereas the inclusion of Mb had no effect on the ti2 of high MR. 
Moreover, whole-animal RMR was not genetically correlated with behaviour in the novel 
environment, as opposed to mass-independent RMR. This indicates that the particular 
ecological conditions that influenced behaviour also influenced RMR independently of Mb. In 
addition, the effect of inbreeding on metabolism was different when presented on a whole-
animal vs. mass-independent basis. Our study exemplifies the importance of being explicit 
about Mb when modelling metabolic traits in light of evolutionary questions because our 
interpretation of genetic variance of RMR can be affected by Mb (Hayes, 2001; Wilson, 2008). 
I l l  
Effect of inbreeding on RMR 
Although many studies have been conducted to test whether or not inbreeding has an effect on 
metabolic rate in insects (Clare, 1925), molluscs (Garton et al., 1984), fishes (Danzman et al., 
1987), and amphibians (Mitton et al., 1986), so far only one has been conducted on an 
endothermic model, Mus domesticus (Carter et al., 1999). The pattern emerging in the 
ectotherm literature is a negative correlation between heterozygosity and standard metabolic 
rate (SMR, analog to RMR). More recently, however, Rantala and Roff (2006) showed that 
inbreeding had no effect on SMR in crickets (Gryllodes firmus). Inbreeding was found to 
increase SMR (but not maximal MR) in G. sigillatus (Ketola & Kotiaho, 2009), a result that 
was also found in M. domesticus, where mass-independent BMR (but not mass-independent 
maximal MR) was positively correlated with multi-locus heterozygosity (Carter et al., 1999). 
These results are important from an evolutionary perspective because they suggest that 
inbreeding reduces the energy allocation potential (= maximal MR - RMR) to energetically 
costly behaviour, such as sexual signalling in crickets (Ketola & Kotiaho, 2010). In our study 
on deer mice, however, we found that inbreeding had no effect on mass-independent RMR 
(although inbred individuals tended to have lower RMR on a whole-organism basis because 
they had lower Mb). We cannot identify with confidence why our results are different from 
those of Carter et al. (1999), but one source of discrepancy is perhaps that heterozygosity 
r e f l e c t s  l o c a l  e f f e c t s  o f  i n b r e e d i n g  a t  s p e c i f i c  l o c i ,  w h e r e a s  t h e  i n b r e e d i n g  c o e f f i c i e n t  ( F )  
reflects the general effect of heterozygosity at the genome level. 
Conclusions 
The hypothesis of an economic phenotype stipulates that animals maintain their excess 
capacities to face critical extreme events, but their physiology and internal morphology are 
tightly integrated to function under routine needs (Bacigalupe et al., 2010). If we extend the 
economic phenotype hypothesis to behaviour, it is perhaps not surprising that RMR is 
genetically correlated with hole-board behaviour whereas high MR is not, since RMR 
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represents the energy cost of maintenance whereas high MR represents energy expenditure 
during a "critical extreme event" (i.e., respirometry). Intuitively, high activity levels should 
lead to higher energy expenditure as stated by the increased-intake hypothesis (or the so-called 
"performance model", Careau et al., 2008). However, the link between RMR and activity is 
still far from being fully understood (Speakman & Selman, 2003) and the "allocation model" 
predicts a negative correlation between RMR and activity. Our study is the first to tackle the 
activity-RMR relationship within a quantitative genetic framework and offer support for the 
performance model at die genetic level. On one hand, organisms with high energy 
maintenance requirements (RMR) may be forced to explore their environments more 
frequently in search for food (Houston, 2010). On the other hand, organisms that explore 
frequently are engaged in energy-demanding behaviour (locomotion, agonistic encounters, and 
escape from predators) that might be reflected in their RMR. Although our data do not allow 
us to discern the causal mechanism between RMR and exploration activity, the notion of 
causality becomes less important in light of the pace-of-life syndrome because the traits 
involved are hypothesised to co-evolve together in response to correlational selective 
pressures associated with particular ecological conditions (Réale et al., 2010). 
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CHAPITRE Illb 
RESTING AND DAILY ENERGY EXPENDITURE IN RELATION 
TO RESOURCE PULSES AND A BEHAVIOURAL SYNDROME 
IN FREE-RANGING EASTERN CHIPMUNKS 
Description de l'article et contribution 
Le projet d'étude sur l'écologie des tamias à Mansonville est un travail d'équipe. En effet, 
depuis 2005, les captures de tamias ont été effectuées par une cinquantaine de personnes! 
Parmi les plus grands trappeurs on retrouve notamment Gabrielle Demers et Manu Landry-
Cuerrier. Sans compter l'été 2010, je suis fier d'occuper la première place avec 1334 captures! 
L'effort coordonné de plusieurs étudiants de maîtrise et doctorat fait en sorte qu'il existe une 
quantité phénoménale d'informations qui ont été récoltées sur une base régulière. Tous les 
trappeurs ont mesuré la docilité lors des captures régulières. Sur ces informations se 
superposent les mesures comportementales et physiologiques propres à chaque sous-projet. 
Tous les tests de l'environnement nouveau ont été effectués sous la supervision de Pierre-
Olivier Montiglio et Catherine Babin. De mon côté, j'ai récolté moi-même toutes les données 
de dépenses énergétiques. J'ai récolté ou supervisé la récolte des données de respirométrie, 
aidé de plusieurs assistants vaillants et des coordonnateurs du projet (en particulier Manu 
Landry-Cuerrier). J'ai aussi participé à la collecte des données de production annuelle de 
graines de hêtre. J'ai conceptualisé et écrit le chapitre Illb avec l'aide de Fanie Pelletier, Denis 
Réale, Murray Humphries et Dany Garant. Les analyses isotopiques des échantillions d'eau 
doublement marquée ont été effectuées dans le laboratoire de John Speakman. Tous ces 
scientifiques sont officiellement coauteurs de l'article ainsi que P.O. Montiglio. Cependant, 
pour les besoins de la thèse et le respect de l'échéancier, le chapitre suivant n'a que très peu 
bénéficié des commentaires des coauteurs. 
114 
RESTING AND DAILY ENERGY EXPENDITURE IN RELATION 
TO RESOURCE PULSES AND A BEHAVIOURAL SYNDROME 
IN FREE-RANGING EASTERN CHIPMUNKS 
par 
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Summary 
The measurement of daily energy expenditure (DEE) and resting metabolic rate (RMR) are 
central to the field of energetics. Although only one study has reported a positive association 
between these variables, DEE and RMR are commonly assumed to form a slow-fast metabolic 
continuum. Recently, the question has arisen as to whether this continuum relates to 
personality traits to form a more general "pace-of-life" syndrome resulting from co-evolution 
of physiological, behavioural, and life-history traits. The objectives of this study were to (1) 
determine if DEE and RMR positively correlate to each other, (2) test if this continuum relates 
to a behavioural syndrome linking docility and open-field exploration, and (3) test whether 
DEE, RMR, docility, and open-field exploration were repeatable and linked to different 
extrinsic (tree mast and air temperature (Tair)) and intrinsic variables (reproductive state, body 
mass, and age) in free-ranging eastern chipmunks (Tamias striatus). We found a positive 
correlation between DEE and RMR after controlling for body mass. We also found that less 
explorative individuals in the open field were more docile. We obtained a negative correlation 
between the position on this behavioural syndrome and the slow-fast continuum: reactive 
individuals (docile and low explorative) had higher metabolism than proactives. Further 
analyses indicated that DEE and RMR were negatively correlated to exploration in the open-
field but not to docility. Our results suggest that environmental conditions that promote higher 
energy expenditure could relax the need for explorative behaviour. Our study, based on a 
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large number of wild individuals, provides the first detailed picture of how physiological and 
behavioural syndromes relate to each other in the wild. 
Introduction 
The study of energy expenditure started ~400 years ago when R. Boyle, J. Mayow, J. Priestley 
and others realised that animals consume something in the air (Hulbert & Else, 2004; 
Speakman et al., 2004). Since then, procedures to measure energy expenditure diversified and 
refined from the early-methods measuring energy expenditure of necessarily stressed animals 
to modern respirometry allowing the precise measurement of energy expenditure in real time 
(Lighton, 2008). Respirometry underwent huge standardisation to measure the minimum level 
of energy expenditure in a quiescent and post-absorptive animal - the resting metabolic rate 
(RMR). RMR have been measured on over 1000 endotherm species and interspecific analyses 
of RMR suggest that this trait represents the "idling cost" of the metabolic machinery needed 
to sustain daily energy expenditure (DEE). Over the last 30 years, DEE has been measured 
>400 times on 253 free-ranging bird and mammal species with the doubly labelled water 
technique (Humphries et al., 2005; Speakman, 1997; Speakman & Krôl, 2010). Yet only 3 
studies tested the fundamental association between RMR and DEE at the individual level 
(Fyhn et al., 2001; Meerlo et al., 1997; Speakman et al., 2003). Of those studies, only one 
reported a positive correlation when taking body mass (Mb) into account (Speakman et al., 
2003). In this paper, we test for a link between mass-independent RMR and DEE in free-
ranging eastern chipmunks (Tamias striatus) to test the implicit view that laboratory 
measurements of RMR are indicative of DEE levels individuals sustain in their natural habitat. 
The notion of a "slow-fast" metabolic continuum originates from inter-specific analyses 
showing strong evidence for a positive association between DEE and RMR (Daan et al., 1990; 
Koteja, 1991; Ricklefs et al., 1996). The slow-fast metabolic continuum is expected to co-
vary with other continua such as the slow-fast life-history (Bielby et al., 2007; Wiersma et al., 
2007) and the reactive-proactive behavioural continua (Careau et al., 2009; Réale et al., 2010). 
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This general hypothesis is known as the "pace-of-life" syndrome and predicts that proactive 
behaviours (active, bold, and aggressive) are associated with high metabolism, a high 
fecundity, and short longevity (Réale et al., 2010). The pace-of-life syndrome provides a 
heuristic framework in which co-variation among traits can be integrated at different levels of 
biological variation (Réale et al., 2010). Although the pace-of-life syndrome received 
considerable attention at higher levels of biological variation (differences among species and 
among populations within species), it remains largely untested at the individual level. Here 
we test whether the slow-fast metabolic continuum (DEE and RMR) correlates to a 
behavioural syndrome relating exploration in a novel environment (open-field) and reaction to 
handling (docility), testing a crucial connection within the pace-of-life syndrome, at the inter-
individual level. 
Following two recent papers (Biro & Stamps, 2008; Careau et al., 2008), there is rapidly 
increasing empirical support for a link between energy expenditure and personality traits. 
Inter-specific behavioural differences in a novel environment are correlated to basal metabolic 
rate among muroid rodents (Careau et al., 2009). Breed differences in aggressiveness are 
correlated to energy needs in dogs (Careau et al., 2010b). Individual differences in risk-taking 
are correlated to standard metabolic rate (analogous to RMR in ectotherms) in the common 
carp {Cyprinus carpio), such that risk-prone individuals have higher metabolism (Huntingford 
et al., 2010). Although no phenotypic correlation was observed between exploration in a 
novel environment and RMR in deer mice (Peromyscys maniculatus), a thorough quantitative 
genetic analysis revealed a genetic correlation between both variables (Careau et al., In prep). 
All these studies either involved laboratory or domestic animals, so the differential 
repeatability of metabolic and personality traits and their possible correlation remain to be 
investigated in wild animals. 
Speakman et al. (2003) recently highlighted the fact that the association between DEE and 
RMR can be driven by intrinsic and/or extrinsic factors. The classical view that RMR is the 
"idling cost" of the metabolic machinery stems from intrinsic factors, such that a high RMR 
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should allow greater DEE (Drent & Daan, 1980; Hammond & Diamond, 1997). It is therefore 
intuitive to expect that a high RMR is necessary to sustain the high DEE level generated by a 
proactive lifestyle ("performance model", Careau et al., 2008). However, if the link between 
DEE and RMR is due to the common influence of extrinsic factors on both variables, then it 
becomes unclear what to expect in the relationship between the slow-fast metabolic and 
proactive-reactive continua. Extrinsic effects could affect energy expenditure by either 
forcing it upwards in poor habitats (Thomas et al., 2001b) or enabling it to rise in good 
habitats (Mueller & Diamond, 2001). Speakman et al. (2003) showed in free-living field 
voles (Microtus agrestis) that DEE and RMR were affected by extrinsic factors and suggested 
that both forcing and enabling effects were at play at different times of the year. The forcing 
vs. enabling effects of nature on the slow-fast metabolic continuum are fundamentally related 
to the kind of correlations (positive or negative) one should expect between the slow-fast and 
reactive-reactive continua. On one hand, if DEE and RMR are forced upward under poor 
conditions, then they should be correlated to a high exploration and risk-taking levels in order 
to find scarce food items. On the other hand, if high food productivity enables high DEE and 
RMR, then a fast metabolic type should be correlated to low exploration level and risk-taking, 
as food items are readily available. 
The eastern chipmunk is a burrowing rodent that specialises on mast seed produced by oak 
(Quercus spp.), beech (Fagus grcmdifolia), and maple (Acer spp.) trees (Elliot, 1978; Yahner, 
1978). The major mast crops exploited by chipmunks ripen and fall to the ground in autumn 
and during this period individuals establish a larder hoard through intensive central-place 
foraging (Giraldeau et al., 1994). The hoarding period is a critical phase for chipmunks 
because this is when they store the energy reserve they will rely on to survive throughout 
winter (Humphries et al., 2002; Kuhn & Vander Wall, 2008; Wrazen & Wrazen, 1982). 
Chipmunks experience extreme intra- and inter-annual variation in food availability because 
mast seeding by trees involves synchronous production of large amounts of seed in some years 
and little or none in others (Landry-Cuerrier et al., 2008). Thus, chipmunks provide an 
118 
interesting model for exploring the effects of food productivity on physiological and 
behavioural traits. 
In the present study, we test for the presence of a slow-fast metabolic continuum (positive 
correlation between DEE and RMR) and a behavioural syndrome (negative correlation 
between open-field exploration and docility), in addition to test for a correlation for the 
relative positions of each individuals on both continua. Then we analyse each variables (DE, 
RMR, docility, and exploration) separately to test the effects of extrinsic (mast years, seasons, 
and Ta») and intrinsic (age, reproductive status, and Mb) factors. We expected energy 
expenditure to increase in autumn compared to spring and summer, as chipmunks must 
actively forage to accumulate enough energy for winter (Humphries et al., 2002). If poor 
environmental productivity forces higher energy expenditure, then we expect greater increase 
in DEE and RMR during fall of non-mast years relative to mast years. Finally, we evaluated 
the predictive power of consistent individual differences in open-field exploration and docility 
on RMR and DEE. 
Material and methods 
From 2004 to 2009, we monitored individually marked free-ranging eastern chipmunks on a 
25-ha study site in the Ruiter Valley Land Trust (Sutton Mountains, Québec; 45°05' N, 72°26' 
W) (Munro et al., 2008). Trapping sessions were conducted from early-May until early-
October in all years. Chipmunks were live-trapped daily between 08:00 h and sunset using 
Longworth traps baited with peanut butter and visited every 2 h. At first capture, individuals 
were permanently marked with numbered ear tags (National Band and Tag Company 100S-1) 
and a Trovan® PIT tag inserted in the inter-scapular region. At each capture, we noted trap 
location, Mb, sex, and reproductive status (Table 1). We also record the minimum known age 
that an individual can have given it was caught as a juvenile or as an adult (+1), as in Careau 
et al. (2010a). Most of the measurements were taken between 2006 to 2009 on individuals of 
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known-age that were first captured in between 2004 and 2009. We divided monitoring into 3 
seasons: spring (May and June), summer (July and August), and autumn (September and 
October). 
Table 1. Measured variables and traits of various types and units with details on their 
measurement and significance for an endotherm such as the Eastern chipmunk (Tamias 
striatus), Mansonville, Québec, 2005-2009. 
Explanatory variables Type Measurement 
Tree mast environmental Seed collectors (buckets disposed underneath masting trees) 
Air temperature (T^) environmental 
Environment Canada meteo station, daily (Sutton station) or 
hourly average (Lac Memphremagog and Frelishburg 
stations) 
Age individual 
As in Careau et al. (2010a), minimum known age depending 
on initial capture (as a juvenile (0+) or as an adult (1+)) 
Reproductive status individual During mating periods and lactation (females only) 
Body mass (Mb) morphological 
Measured on all captures and tests, using a pesola in the field 
and a stratoruis balance in the respirometry laboratoiy. 
Dependent traits Type Significance 
Docility behavioural the "freeze" response of animals when handled 
Open-field (OF) exploration behavioural 
As in Montigiio et ai. (2010) individual behavioural 
responses to a novel environment 
Daily energy expenditure (DEE) physiological level of energy expenditure sustained over 1 to 3 days 
Resting metabolic rate (RMR) physiological 
As in Careau et al. (2010), minimum energy cost of 
maintenance (over S min) at night 
TREE MAST SAMPLING 
In the study site, the canopy is dominated by American beech (Fagus grandifolia), sugar 
maple (Acer saccharum) and red maple (Acer rub rum). Variation in beech mast production 
leads to pronounced annual differences in our study population's seasonal activity patterns 
(Munro et al., 2008), torpor expression (Landry-Cuerrier et al., 2008; Munro et al., 2005), bot 
fly parasitism (Careau et al., 2010a) and the timing and extent of reproduction (D. Garant, 
unpbl. data). Chipmunks capitalize on abundant seed fall during the autumn of mast years to 
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establish large food hoards in their burrows (Humphries et al., 2002). The annual mast seed 
production of beech within the study site was sampled as in Landry-Cuerrier et al. (2008). 
Briefly, at 30 sampling points evenly distributed across the study site, we placed a seed-
collecting bucket (0.06 m2) under the canopy of the nearest beech tree with dbh. 10 cm. 
Buckets were installed well before autumn seed fall (in late summer) and the contents were 
counted twice in fall. We considered only seed coats containing kernels to calculate energy 
availability in kJ per m2 (for details see Landry-Cuerrier et al., 2008). Energy contained in 
beech seeds was measured using a bomb calorimeter (27.65 kJ/g, unpubl. data). The years 
2006 and 2008 were categorised as mast years (figure 1). 
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Figure 1. Annual productivity in total seed energy content collected under American 
beech, the main masting tree species in Mansonville, Québec (see text for details). 
AIR TEMPERATURE (Tair) 
Daily averages of air temperature (Tajr) data were obtained from a meteo station located ca. 20 
km from the study site (Environment Canada, Sutton station, 
http://climate.weatheroffice.gc.ca: 45°04' N, 72°41' W) for each year from November to 
April. This station only reported daily average, which we used in all analyses except for DEE 
because we needed hourly estimates (we used the average of two equally distant meteo station 
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from our site: Lac Memphremagog 45°16'00" N, 72°10'00" W, 32 km north; Frelighsburg 
45°03'01" N, 72°51'41" W, 37 km west). 
DAILY ENERGY EXPENDITURE 
We measured DEE of over 3 summers (2007-2009) using the doubly labelled water (DLW) 
technique (Speakman, 1997). The DLW technique estimates the carbon dioxide (CO2) 
produced by a free-ranging animal based on the differential washout of injected hydrogen (2H) 
and oxygen (lsO) isotopes (Anderson & Jetz, 2005; Nagy, 2005; Nagy et al., 1999; Speakman, 
2000). It has been previously validated by comparison with direct calorimetry in a range of 
small mammals and provides an accurate measure of DEE over periods of several days 
(Speakman, 2000). Chipmunks were captured, weighed, and injected intraperitoneally with 
240 p.1 of DLW. Following injection subjects were held in the trap for a 60-min period to 
allow the isotopes to equilibrate in the body then bled via a clipped toenail to obtain initial 
samples for isotope analysis. From 2007 to 2009 a total of 10 animals were blood sampled 
without prior injection to estimate background isotope enrichments of 2H and lsO (this method 
is the best way to evaluate background isotope enrichments without taking an additional blood 
sample from all the measured individuals, Speakman, 1997). Blood samples were heat sealed 
into 70-jiL heparinised glass capillaries. Chipmunks were then released at the site of capture 
and recaptured, weighed, and bled 1-3 days later, at as close as feasible to awhile 24-h period 
to estimate isotope elimination rates. The range of deviation from 24-h was 0-180 min (25th 
percentile = 19.5 min; median = 38min, 75th percentile = 158 min). Most DEE measures were 
taken in June, July, and August with only 16% of these in May and September, as recapture 
probability was quite low during these periods). Blood samples were vacuum distilled and the 
resulting distillate was used to produce CO2 and H2 (methods in Speakman et al. (1990) for 
CO2 and Speakman & Krol (2005)for H2). The isotope ratios 180:160 and 2H:*H were analysed 
using gas source isotope ratio mass spectrometry (Optima, Micromass IRMS and Isochrom 
H.G, Manchester, UK). Samples were run alongside three lab standards for each isotope 
(calibrated to International standards) to correct delta values to ppm. Isotope enrichments 
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were converted to values of DEE using a single pool model as recommended for this size of 
animal (Speakman, 1993; Speakman, 1997). There are several approaches for the treatment of 
evaporative water loss in the calculation (Visser & Schekkerman, 1999). We assumed 
evaporation of 25% of the water flux (equation 7.17; Speakman 1997) which minimizes error 
in a range of conditions (van Trigt et al., 2002; Visser & Schekkerman, 1999). The DLW 
technique has been used successfully in this species (Humphries et al., 2002) and the animal 
use committee at Université de Sherbrooke approved all protocols for its use in this study. We 
calculated indices Tair during each DEE sampling by taking the mean Tair of the hourly 
averages between initial and final samples. Because chipmunks spend the night in burrows, 
some re-entry of labelled CO2 might have occurred (see Speakman (1997) for a thorough 
discussion on this potential issue). 
RESPIROMETRY 
We measured resting metabolic rate (RMR) from autumn 2006 to 2009 using a computerized 
open-circuit respirometry system that allowed us to measure 2 chambers simultaneously for 
each of two oxygen analyzers (Careau et al., 2010a). Chipmunks were captured in late 
afternoon and transported to a nearby (-10 km) laboratory facility at sunset. For a given 
metabolic run, four individuals were weighed and then placed individually in a 650- or 850-ml 
plexiglass cylindrical metabolic chamber. Chambers were placed in a constant-temperature 
cabinet regulated at 30°C, which lies within the thermoneutral zone for chipmunks (Wang & 
Hudson, 1971). A manifold and four mass-flowmeters (Sierra Instruments, Monterey, CA, 
Side-track model 844) provided a constant flow of 450 mLmin-1 of dry, CC^-free air to each 
chamber, as well as to two baseline airflows. The four mass-flow meters were regularly 
calibrated with a "master" flow meter (Brooks model 5850É set to read mode). The outflows 
of each chamber and the two baselines were directed to a computer-controlled multiplexor 
which allowed us to sequentially sample baselines and the chambers using two oxygen 
analyzers (Model FC-1, Sable Systems International; Henderson, NV, USA). A 100 mL min-1 
sub-sample of baseline air or chamber outflow was dried and pulled through the oxygen 
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analyzers, alternating between baseline (5 min) and the two chambers (25 m in each) over a 
3.5-h period. By running two cycles between 20:00 h and 05:00 h, we were able to measure 
RMR during the resting phase-for up to eight animals each night. We used the Sable Systems 
Expedata software to control the multiplexor outputs, read chamber O2 concentration and 
temperatures at 1-sec intervals, correct for drift between consecutive baseline measures, and to 
calculate individual O2 consumption according to eq. 4a of Withers (1977). We did not scrub 
the chamber outflows of CO2 to provide a more accurate estimation of energy metabolism 
(Koteja, 1996b). RMR was calculated from the lowest baseline level of O2 consumption 
recorded for 5 min during a 3.5 h run. We assumed a RQ of 0.8 to convert data from 
mlC^-min-1 to mW. 
Animals were provided with apple and peanut butter at all times other than when in metabolic 
chambers and they were released at their original trap location the following morning. This 
feeding, combined with the short period for which chipmunks were held in captivity, causes us 
to classify metabolic measurements as thermoneutral RMR rather than basal metabolic rate 
(BMR). Among small, granivorous rodents RMR typically exceeds BMR by 5-15% with the 
difference becoming negligible after 3 h of respirometry measurement (Nespolo et al. 2003). 
We excluded all juveniles (age = 0) from DEE and RMR samples because compared to adults 
they must assume the additional energy cost of growth. Resting state of individuals was 
confirmed by visual inspection of respirometry curves and animals themselves; all chipmunks 
settled down in the respirometer and most (59%) of them were sleeping at the end of the trial. 
To test for the effect of Tair on RMR, we calculated the average of the daily T^ over different 
periods preceding RMR measurements, since we had no a priori reason for choosing an exact 
number of days (averaging Tair over a long time period reduces the variance of the variable but 
increases the likelihood of being reflected into RMR, whereas a short time period increase the 
importance to extreme days of low or high Tair but may not let sufficient time for it to be 
reflected into RMR). 
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BEHAVIOURAL MEASUREMENTS 
We quantified docility by using the handling-bag test between 2005 and 2009. Upon releasing 
the chipmunk from the trap and putting into a mesh handling bag, it was suspended for 1 min 
and the proportion of time spent immobile was used as a measure of docility. The handling-
bag test captures an individual's behavioural response to human presence, which have often 
been seen as an index of docility (Martin & Réale, 2008b; Réale et al., 2000). For the purpose 
of this paper, we restricted the bag-test dataset to individuals also included in the DEE and 
RMR datasets. For logistic reasons, bag tests were not performed on all captures. We 
quantified exploration activity using an open-field (OF) test from 2006 to 2009 (for a detailed 
description of the test, see Montiglio et al., 2010). The arena consisted of one of two 
rectangular white plastic boxes of different dimensions (small: 80Lx40Wx40H cm; large: 
100Lxl00Wx50H) with a Plexiglas lid. Once captured and identified, the chipmunk was 
immediately put back into the trap and carried to the OF arena (distance ranging from 15 to 
250 m; mean = 131.8). Chipmunks were allowed to rest for at least 3 minutes in the trap 
before they were taken out and transferred to a PVC chamber connected to the arena without 
any direct manipulation. They were pushed inside the OF arena, where their behaviour was 
recorded for 3 min using a Sony Camcorder. The experimenter remained silent and was not 
visible to the chipmunk during the test. After testing, the chipmunk was released at its capture 
location. The arena was cleaned with 70% alcohol between tests. As the response of 
individuals may decrease across repeated trials (Martin & Réale, 2008a), a minimum interval 
of 15 days was kept between successive OF field tests on any individual. Using The Observer 
5.0 (Noldus Inc.) program, we superimposed a grid on the OF arena (3X 6 squares) and 
counted the number of time chipmunks crossed lines using the software. This variable was 
transformed as the number of line crosses per minute, providing a proxy of the exploration 
level displayed by an individual (Réale et al., 2007). For the purpose of this article, we 
analyzed docility and OF exploration of individuals whose DEE or RMR was quantified. 
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STATISTICAL ANALYSES 
To explore the effects of mast years (yes or no), season (spring, summer, and fall), T^, age (in 
years), reproductive status (yes if lactating or testicules descended, otherwise no), Mb, and sex 
on physiological (DEE and RMR) and behavioural (docility and OF exploration) traits, we 
used multiple regression mixed models in ASReml-R (Butler et al., 2007) including identity of 
the animal and year as random effects. Models including RMR and DEE as response variables 
initially included covariates related to their measurement to control for sampling methods in 
the field or the laboratory (RMR: time of day, length of respirometry trial, chamber, test 
sequence; FMR: relative deviation from 24h cycle, equilibration time, and whether the animal 
was accidentally trapped between initial and final samples). However, these variables were 
always non-significant (analyses not shown) and thus were excluded from final models. 
Model selection was performed using backward procedures, sequentially removing the least 
significant term from the model based on its P-value (a = 0.05) determined with a conditional 
Wald statistic with an F-approximation to its sampling distribution. Because behavioural 
variables show habituation effects, we included the sequence of testing as a fixed effect. We 
also included the OF type (small or large) as fixed effect in the model. Docility was arcsin-
square-root transformed. No other variables were transformed because residuals were 
normally distributed. Once the fixed effects structure was determined, we calculated the 
individual repeatability by calculating the proportion of variance attributed to individual 
identity (ID), when included a random effect. We assessed the significance of random effects 
by using log-likelihood ratio tests (LRT). A LRT test compares the log-likelihoods of a "full" 
model that include ID as a random component vs. a "reduced" model that did not include it 
(Pinheiro & Bates, 2000). The test statistic is equal to twice the difference in log-likelihoods 
between the two nested models and assumes that it follows a ^-distribution with one degree of 
freedom (df). 
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Table 2: Descriptive statistics and sample sizes for daily energy expenditure (DEE), 
resting metabolic rate (RMR), docility, and open-field (OF) exploration measured in 
free-ranging eastern chipmunks, Mansonville, Québec, 2005-2009. Also shown is the 
number of measures (N) and individuals (ID). 
Descriptive statistics Sample sizes 
Traits Units 
Mean SD Min Max cv JV ID 
DEE W 2362 736 990 4610 31 58 48 
RMR W 649 103 254 1019 16 409 204 
Docility seconds 12.90 16.56 0.00 60.00 128.32 3457 203 
OF exploration line cross/min 30.28 1S.88 0.67 82.00 52.45 311 171 
To test whether mass-independent RMR and DEE correlate to form a slow-fast metabolic 
continuum, we selected the closest RMR measurement to any DEE measurement and did not 
considered measures separated by more than 50 days. Exploratory analyses indicated that 
beyond 50 days, there was a significant interaction between RMR and time elapsed between 
the two measurements, suggesting that DEE and RMR are not significantly correlated beyond 
this period. Provided that docility and OF exploration were highly significantly repeatable, we 
tested for the presence of a behavioural syndrome by using à bivariate mixed model. In this 
model, we fitted an additional random term corresponding to individual covariance between 
docility and OF exploration and tested its significance using a LRT. We calculated the 
correlation coefficient as the covariance between the two variables divided by the square root 
of the product of their variance. Although we base significance testing of the correlation on 
the LRT within the bivariate model, we represent the behavioural syndrome by plotting the 
extracted individual coefficients (Best Linear Unbiased Predictors; BLUP) for docility and OF 
activity. These BLUPs were used in further analyses. The use of BLUPs in a two-step 
approach has recently been criticized (Hadfield et al., 2010). However, in our case, the OF 
exploration and docility BLUPs are more indicative of an individual's personality than the 
average of all repeated measures because BLUPs are standardised for different covariates 
(testing sequence and OF type) that could otherwise introduce spurious effects. 
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To test if the slow-fast metabolic and reactive-proactive continua align along each other to 
form a pace-of-life syndrome, we ran an analysis restricted to individuals whose FMR, RMR, 
docility, and OF exploration was quantified. We first determined the position of each 
individual along both continua by taking the rank of the predicted position determined by 
orthogonal regressions of DEE against RMR (slow-fast continuum) and OF activity against 
docility (reactive-proactive continuum). The orthogonal regression line minimizes the 
perpendicular distances from the data points to the fitted line (as opposed to ordinary linear 
regression where the goal is to minimize the sum of the squared vertical distances). In a 
second step, we tested for a correlation between the ranked positions using Spearman 
correlation. Finally, we used all information available to test if some of the residual variance 
in DEE and RMR can be attributed to personality by including the individual coefficients 
(BLUP) for docility and OF exploration as predictors of using the same fixed effect structure 
determined on the whole datasets with animal identity and year included as random effects. 
Averages and coefficients estimates are reported with ± 1 SE, unless mentioned. 
Results 
DAILY ENERGY EXPENDITURE 
DEE was affected by both intrinsic and extrinsic factors. In the final model, DEE did not 
differ between mast and non-mast years and among seasons, but was negatively correlated to 
Tair (Table 3a). DEE was positively correlated to Mb and higher in reproductive individuals 
(lactating females or males during mating; Table 3a). DEE was negatively correlated with age 
(Table 3a). After accounting for the above factors, repeatability of DEE was relatively high 
(55.8%) but non-significant (LRT x2 = 1.99; P = 0.16) as few individuals were measured 
repeatedly (1.2 measures per individual). 
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Table 3: Linear mixed effects models for a suite of physiological and behavioural 
variables in relation to environmental and individual variables in free-ranging eastern 
chipmunks. Responses variables are underlined. Initial models included effects of mast 
(yes or no), season (spring, summer, and fall), air temperature (Tair), age (in years), 
reproductive status (yes or no), body mass (Mb), and sex, but only significant terms (P < 
0.05) were retained following model simplification. 
Variable estimate SE F P 
a) Dailv enerev expenditure 
T 1 *ir -38.5784 17.44 4.892 0.0338 
Age •160.5499 78.25 4.209 0.0454 
Repro [yes] 555.4588 77.00 12.91 0.0007 
Mb 49.9898 10.87 21.16 0.0000 
b) Restina metabolic rate 
Season [fall] 108.0455 7.13 44.57 0.0000 
Sex [m] -50.9977 5.29 25.12 0.0000 
Repro [yes] 60.1887 5.45 25.25 0.0000 
Mb 4.5277 0.55 67.64 0.0000 
c\ Doeilitv 
T* -0.0031 0.001 4.91 0.0279 
Age 0.0394 0.014 8.35 0.0050 
Mb 0.0024 0.001 10.08 0.0016 
d) Otten-field exoloration 
Test sequence -3.5123 0.77 20.78 O.OOOO 
OF type (small] -25.4267 1.54 76.92 O.OOOO 
RESTING METABOLIC RATE 
RMR was also higher in reproductive animals (males and females during mating) and 
positively correlated to Mb (Table 3b). In contrast to DEE, RMR varied seasonally (Table 3b; 
significantly increased in fall; figure 2) but was not influenced by T^ averaged over different 
periods before the measurement (30, 15, 7, 3, or 1 day(s); F < 0.80; P > 0.37 for all periods). 
RMR was higher in females than in males (Table 3b). RMR was also marginally and 
negatively correlated to age (estimate = -8.7 ± 4.9; last variable dropped from model at F = 
3.15; P = 0.077). RMR was not repeatable (3.2%; LRT x2 = 0.47; P = 0.49). In comparison, 
Mb measurements taken in the respirometry laboratory were repeatable at 51.5% (LRT x2 = 
36.87; P < 0.001) upon conditioning of the same fixed effects structure. Since there was no 
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significant difference between spring and summer seasons, we pooled them and included an 
interaction between mast and season to test if RMR increase disproportionately in non-mast 
vs. mast years. In this reanalysis, all fixed effects remained qualitatively similar except that 
age was kept in the final model (estimate = -10.48 ± 4.82 ; F = 4.73; P = 0.032). The "mast X 
season" interaction was significant (F = 4.89; P = 0.029) revealing that RMR reached higher 
levels during fall of non-mast years than during fall of mast years. \ 
OC 100 
N= 227 
00 -2°° 
Spring Summer Fall 
(May-Jun) (Jul-Aug) (Sept-Oct) 
Figure 2: Seasonal variation (mean ± SD) in resting metabolic rate (RMR; residuals 
from a linear mixed effects model excluding season; see Table 3b) in eastern chipmunks, 
Mansonville, Québec, 2006-2009. Sample size for each season is shown below symbols. 
THE SLOW-FAST METABOLIC CONTINUM 
We measured RMR and DEE within the same year on 51 occasions for 43 different adult 
individuals. The time elapsed between the two measurements ranged from 1 to 108 days 
(median = 29 days). After correcting both variables for Mb, the strength of the relationship 
between DEE and RMR increased as number of days elapsed decreased, but the sample size 
reduction increased the imprecision (Table 4). We therefore restricted the following analyses 
to RMR. and DEE measurements that were made within SO days because this period maximise 
the trade-off between effect size and sample size (table 4). 
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Table 4: Sample size (N), effect size (estimate), standard error (SE), and significance 
level (P) of the correlation between resting metabolic rate and daily energy expenditure 
(alter correction for body mass) according to the number of days elapsed between the 
two measures. 
period N estimate SE P 
10 days or less 11 73.54 62.52 0.27 
20 days or less 16 61.4 48.79 0.23 
30 days or less 27 38.74 25.52 0.14 
40 days or less 35 38.37 21.07 0.08 
50 days or less 42 4938 20.56 0.02 
60 days or less 45 47.78 20.49 0.03 
70 days or less 46 46.44 20.17 0.03 
80 days or less 48 36.85 21.54 0.09 
90 days or less 49 36.89 21.31 0.09 
100 days or less 50 35.16 21.02 0.10 
110 days or less 51 31.66 20.62 0.13 
Considering DEE and RMR measurements separated by 50 days or less, the DEE:RMR ratio 
was on average (± SD) 3.23 ± 0.81 (range: 1.52-5.08). Both variables were positively 
correlated to Mb (figure 3A; see also Table 3a and b), but because DEE increased with Mb 
more steeply than RMR, larger individuals had more energy to allocate (DEE minus RMR vs. 
Mb; P" = 0.22, P = 0.002). We detected a positive correlation between whole-animal DEE and 
RMR (r2 = 0.26, P = 0.001; figure 3B). The correlation between DEE and RMR is not solely 
due to their mutual relationships to Mb, as it remained significant once we accounted for Mb 
(by taking the residuals from linear regression; r* = 0.16, P = 0.009; figure 3C). 
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Figure 3: (A) Resting (circles) and daily (cross) energy expenditure in relation to body 
mass (Mb); (B) whole-animal and (C) mass-independent relationships between daily 
energy expenditure (DEE) and resting metabolic rate (RMR) across 35 free-ranging 
eastern chipmunks, Mansonville, Québec, 2007-2009. In B and C, individuals sampled 
repeatedly (N = 6) are shown by different symbols. 
In addition to be affected by Mb, DEE and RMR were both affected by reproductive status 
(developed scrotum in males during mating and females during lactation; RMR: F = 7.21 ; P = 
0.011; DEE: F = 78.33; P = 0.006). Therefore, the positive association between mass-
independent DEE and RMR could be due to the fact that both variables are elevated during 
reproduction. When the influence of both reproductive status and Mb were accounted for, the 
relationship between RMR and DEE became marginally significant {? = 0.09, P = 0.056). 
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BEHAVIOURAL SYNDROME 
Docility was correlated to testing sequence, Tair, age, and Mb (Table 3c). OF exploration was 
also affected by testing sequence and was higher in the large than in the small OF (Table 3d). 
Both variables were significantly repeatable over time as ID explained a significant proportion 
of variance in the univariate models (docility: 29.3%; LRT X2 = 384.60; P < 0.001; OF 
exploration: 27.9%; LRT x2 = 7.41; P = 0.007). To test for the presence of a behavioural 
syndrome while controlling for the above fixed effect structure, we included all the 
information available into a bivariate mixed model and fitted individual covariance as an 
additional term. The inclusion of this covariance term significantly improved the likelihood of 
the model, as docility and OF exploration are negatively correlated (r = -0.46; LRT x2 = 
13.52; P < 0.001; figure 4). 
Figure 4: A behavioural syndrome involving open-field exploration and docility in 170 
free-ranging eastern chipmunks. Each dot represents the individual estimates (BLUPs). 
Individuals that remained longer immobile during a 1-min bag test and were less active 
in a 3-min open-field test. 
Docility 
(arcsin sqrt [seconds immobile]) 
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PACE-OF-LIFE SYNDROME 
To determine the relative position of each individual on the slow-fast continuum and reactive-
proactive behavioural syndrome, we fitted orthogonal regressions on DEE vs. RMR and OF 
activity vs. docility plots (figure 3C and figure 4, respectively) and used the rank of the 
estimates given by the predicted lines. Because two individuals included in the figure 3C were 
not sampled in the open field, this analysis was restricted to 33 individuals. To account for the 
few repeated DEE and RMR measurement (N= 6 individuals), we simply took the average of 
the predicted position and used this value to determine their ranks. There was a significant 
negative correlation between the two continua (r = -0.37; P = 0.036, figure 5A). Position on 
the reactive-proactive continuum was also negatively correlated with the amount of energy 
available for allocation (DEE minus RMR; r = -0.56; P - 0.001; figure 5B). 
4000 
Reactive-proactive continuum Reactive-proactive continuum 
Figure 5: The relationships between the reactive-proactive behavioural syndrome 
(defined as the position on an orthogonal regression between individual estimates of 
open-field exploration and docility) and (A) the slow-fast metabolic continuum (defined 
as the position on an orthogonal regression between daily energy expenditure and resting 
metabolic rate) and (B) the difference between daily energy expenditure and resting 
metabolic rate (allocatable energy) and in 33 eastern chipmunks. 
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PREDICTIVE POWER OF PERSONALITY TRAITS ON DEE AND RMR 
To test if some of the residual variance in DEE and RMR can be accounted for by personality 
traits, we included the individual estimates of docility and OF exploration as additional 
predictors in final models. There were 4 individuals in the full DEE dataset that were not 
sampled in the open field, reducing the following analysis to 54 DEE measurements on 44 
individuals. When both docility and OF exploration were included in the model, T„jr was no 
longer significant (F = 1.69; P = 0.20) and docility was non-significant (estimate -143.18 ± 
420.82; F = 0.12; P = 0.74). In contrast, OF exploration was significantly and negatively 
correlated to DEE (estimate -50.86 ± 18.95; F = 7.20; P = 0.009; figure 6A). There were 34 
individuals in the full RMR dataset that were not sampled in the open field, reducing the 
following analysis to 353 measures on 170 individuals. The significance of fixed effects 
remained qualitatively similar. As for DEE, when both docility and OF exploration were 
included as additional predictors of RMR, OF exploration was significantly and negatively 
correlated to RMR (docility estimate: -25.42 ± 22.45; F = 1.28; P = 0.26; OF exploration 
estimate: -2.18± 1.01;F = 4.66;P = 0.0322;figure6B). 
Discussion 
Mass-independent DEE and RMR were positively correlated in free-ranging chipmunks and 
the slow-fast metabolic continuum that these two variables form was significantly correlated 
to a behavioural syndrome involving docility and OF exploration. The relationship between 
the two continua was negative, such that reactive individuals (docile and low explorative) had 
faster metabolism (higher DEE and RMR). This pattern is contrary to what we expect a priori 
from the pace-of-life hypothesis and the intrinsic view that RMR is the idling cost of the 
metabolic machinery needed to sustain a given DEE. Although DEE and RMR were not 
significantly repeatable, these variables were correlated to many different extrinsic and 
intrinsic factors such as Tair, fall masting events, reproductive state, sex, age, and Mb- In 
addition, part of the residual variation in DEE and RMR was negatively correlated to 
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consistent individual differences in OF exploration (but not docility). These results lead to the 
following discussion on /-) the effect of fall masting events on RMR in relation to the enabling 
vs. forcing effects of nature, »-) the differential repeatability of physiological vs. behavioural 
traits, H»-) the negative correlations between OF exploration and energy expenditure in light of 
iiia-) the performance vs. allocation models and iiib-) the simultaneous effects of high food 
productivity on energy expenditure and exploration, iv-) the potential effect of stress induced 
by the procedures required to measure DEE and RMR, and v-) the significance of ambulation 
in the open field as a measure of exploration. 
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Figure 6: The relationships between open-field exploration (individual estimates of lines 
crossed during a 3 min open-field test) and (A) daily energy expenditure (DEE, 
standardised for body mass and age) and (B) resting metabolic rate (RMR; standardised 
for body mass, age, sex, and season) in free-ranging eastern chipmunks, Mansonville, 
Québec, 2007-2009. 
FALL MASTING EVENTS AND RMR 
We found that RMR increases in fall of both mast and non-mast years. This result could 
suggest that forcing and enabling effects pertain at different times, as observed in field voles 
(Speakman et al., 2003). Indeed, during spring and summer seasons of non-mast years, 
chipmunks may still have food reserves in their burrow, because large amounts of food 
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hoarded during fall of the previous mast year may not totally be consumed during winter 
(Munro et al., 2008). In contrast, during spring and summer seasons of mast years, food 
abundance may be very low before it increases abruptly in fall. Therefore, the RMR increase 
in fall of non-mast years could suggest that individuals are forced to elevate their metabolism 
whereas the increase in fall of mast years could indicate that they are enabled to do so. In 
addition, there was a significant "mast X season" interaction on RMR, suggesting that forcing 
effects can elevate this metabolic variable to higher levels than enabling effects. This 
interpretation must be treated with caution because measuring food availability is notoriously 
difficult and prone to large errors, especially in species that larder hoard. Chipmunks consume 
many other food items at our site, such as seeds (red and sugar maple trees), fruits (black 
cherries, strawberries), bulbs (spring beauty, trout lily), insects (snails, slugs, caterpillar), and 
mushrooms (VC; pers. obs.). In addition, each individual occupies a specific burrow 
surrounded by profound microhabitat differences which are translated into physiological 
differences in torpor patterns (Landry-Cuerrier et al., 2008). From an energetic point of view, 
beechnuts are by far the most profitable food items available to chipmunks and, as a result, 
their biology is. intimately related to beech masting events at our site (Careau et al., 2010a; 
Landry-Cuerrier et al., 2008). This rendered the quantification of the major resource relatively 
easier than, for example, in marine systems (Welcker et al., 2009). A detailed analysis of the 
effect of microhabitat characteristics on RMR is currently under way. 
REPEATABILITY OF PHYSIOLOGICAL AND BEHAVIOURAL TRAITS 
It is intuitive to think that physiology is less plastic than behaviour. Therefore, the idea of a 
link between personality and metabolic rate is appealing because, in this case, limited 
plasticity in RMR could promote consistent individual differences in behaviour (Biro & 
Stamps, 2010). Despite several studies measuring significant repeatability of RMR (Nespolo 
& Franco, 2007; Speakman et al., 2004) and behavioural traits in general (Bell et al., 2009), 
there is currently few studies that simultaneously evaluated individual consistency of 
behavioural and physiological traits in the wild (Biro & Stamps, 2010). Our result that RMR 
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is not repeatable (whereas OF exploration and docility are) rather suggest that differential 
consistency in behaviour is one additional driver of energy expenditure, at least in adult 
chipmunks. The reverse situation (that RMR promotes personality) is probably more likely to 
occur in species with indeterminate growth rate, such as fishes (Biro & Stamps, 2008; Stamps, 
2007). Interestingly, RMR is significantly repeatable in juveniles (Careau et al., 2010a) and a 
thorough analysis of their DEE, RMR, and personality in relation to growth rate and survival 
and is also currently under way. 
CORRELATION BETWEEN EXPLORATION AND ENERGY EXPENDITURE 
Careau et al. (2008) elaborated two models predicting opposite relationships between RMR 
and the reactive-proactive personality continuum. In the performance model, RMR is 
intrinsically related to DEE and is viewed as the idling cost of the metabolic machinery 
needed to sustain a given lifestyle. The performance model therefore predicts a positive 
association between RMR and exploration. In contrast, a negative association is expected 
from the allocation model because a high RMR supposedly reduce the energy available to 
allocate to different behaviours. Note that the same reasoning can also be applied to any 
energy-demanding activities such as reproduction (Speakman, 1997) and that the performance 
and allocation model are synonyms to the increased-intake and compensation hypotheses, 
respectively (Blackmer et al., 2005; Nilsson, 2002). From the performance viewpoint, 
locomotion costs associated to high exploration levels should translate into higher RMR and 
greater allocated energy. From the allocation viewpoint, individuals with reduced RMR 
should have higher allocated energy associated to high exploration levels. At first sight, the 
negative association between OF exploration and RMR supports the allocation model. 
However, in the restricted sample for which we measured DEE and RMR, the allocated energy 
was negatively correlated to OF exploration (figure 5B). This also seems to be generally the 
case because the coefficient estimate for OF exploration is much higher on DEE than RMR 
when considering full datasets (both variables in mW; see results and compare figures 6A and 
B). As a result, less explorative individuals have higher RMR but also disproportionately 
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higher DEE compared to explorative individuals. Therefore, the allocation principle cannot 
account for the fact that proactive individuals with high exploration levels have lower RMR 
and lower allocatable energy. 
One possibility for the negative association between the slow-fast metabolic and reactive-
proactive continua is that extrinsic variables that enable high DEE and RMR simultaneously 
reduce the need to explore for food. We already suggested that species occupying 
unproductive and unpredictable environments simultaneously benefit from high exploration 
and low RMR because exploration increases the likelihood of finding scarce resources, 
whereas low RMR enhance survival during frequent resources shortages (Careau et al., 2009). 
Here we found the same trend, but instead of comparing species adapted to different 
environments, we compared individuals occupying different microhabitats whose food 
productivity vary among and within years (Landry-Cuerrier et al., 2008). A key aspect of this 
reasoning is that under high environmental productivity individuals could always choose to 
have lower energy expenditure and still survive, but they are selected to have elevated energy 
expenditure because of the fitness benefits that it brings (Speakman et al., 2003). It is possible 
that the fitness benefit provided by higher levels of energy expenditure are better realised 
when they are combined with low exploration levels (correlational selection, Sinervo & 
Svensson, 2002). Such an evolutionary scenario may appear inconsistent with the 
unrepeatability of RMR, but Naya (2010) recently raised the point that highly flexible traits 
that respond to environmental factors randomly distributed among individuals can evolve 
through natural selection. Further research should attempt to decorticate how enabling vs. 
forcing effects can influence the relationship between exploration and energy expenditure via 
correlational selection on offspring production vs. adult survival, respectively. 
THE EFFECT OF STRESS ON DEE AND RMR 
Possibly, associations between OF exploration and energetic traits are artefacts because the 
chipmunks were differentially but consistently stressed by the procedures required for the 
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measurements of traits. The associations among the variables might therefore arise because 
the most stressed individuals were "frozen" in the OF, had their DEE elevated by the DLW 
procedures, and their RMR was spuriously elevated by the novelty aspect of the metabolic 
chamber (Careau et al., 2008). This interpretation seems unlikely for three reasons. First of 
all, previous field studies on mammals have been unable to demonstrate any negative effects 
of the DLW method on the behaviour and activity patterns of subject animals, indicating that 
stress effects of the DLW method are relatively low (Speakman, 1997). Moreover, if DEE 
levels are highly influenced by handling stress, then its relative importance should decrease 
over the number of days that DEE is monitored, which is not the case in our dataset (DEE 
levels was not significantly different among samples recorded over 1, 2, and 3 days). 
Interestingly, the only study that showed an effect of the DLW method on birds actually 
reported a decrease in DEE in the most heavily manipulated individuals (Schultner et al., 
2010). Second, we have no direct indication that chipmunks were stressed during RMR 
measurements, as most of them felt asleep in the respirometer. In addition, neither OF 
exploration nor docility were correlated to the average of the metabolic rate recorded over the 
entire respirometry run (F = 0.47; P - 0.49). If stress is the underlying factor responsible for 
the correlation between OF exploration and RMR, then we would expect a stronger 
association between OF exploration and the average metabolic rate because this variable 
necessarily include the RMR plus any costs of stress and activity (Careau et al., 2008). Third, 
docility is probably the most stress-related measure in this study, as it actually represents the 
freeze response during handling. Docility was indeed correlated to OF exploration, but not 
related to DEE and RMR. It seems probable, therefore, that the present associations are not 
artefacts of the methods used to measure energy expenditure. Speakman et al. (2003) reached 
the same conclusion in free-living voles. 
SIGNIFICANCE OF THE OPEN-FIELD TEST 
It is possible that what is measured in the open field is in fact emotionality, a widely used 
concept in psychological studies, but unfortunately rarely defined except in circular terms 
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(Walsh & Cummins, 1976). Another widely used parameter derived from the open, field test is 
the absence of movement (freezing), which is usually taken as indicative of high-stress state. 
It is possible that the rate of line crosses - taken here as an index of exploration - includes 
some aspects of emotionality and stress response (Walsh & Cummins, 1976). We must 
therefore remain cautious in our assumption that OF exploration faithfully reflects exploration 
in the natural habitat. In support for this assumption, in free-ranging red squirrels 
{Tamiasciurus hudsonicus) OF exploration was positively related to number of different 
capture locations and the farthest capture distance from its midden (Boon et al., 2008). This 
has yet to be replicated in chipmunks but it is likely that all components underlying 
ambulation in the open field (exploration, emotionality, and stress sensitivity) are involved 
when chipmunks adventure into unfamiliar areas. It was experimentally shown in eastern 
chipmunks that knowledge of local terrain influence susceptibility to prédation (Clarke et al., 
1993). 
CONCLUSION 
This is the first study to report a significant correlation between DEE and RMR within a single 
study site, as previous studies either reported across-site relationship only (Speakman et al., 
2003) or did not find within-site relationship at all (Fyhn et al., 2001; Meerlo et al., 1997). 
The slow-fast metabolic continuum that these two variables form in chipmunks was related to 
a behavioural syndrome, supporting the pace-of-life syndrome hypothesis (Réale et al., 2010). 
The negative relationship cannot be explained by neither performance nor allocation models 
emitted by Careau et al. (2008), as reactive individuals had higher DEE, RMR, and allocated 
energy (DEE minus RMR). Assuming that ambulation in the open field reflects an 
individual's propensity to explore its natural environment, the most parsimonious explanation 
to our results is that high food abundance simultaneously relaxes the need to explore for food 
and enable energy expenditure to increase. Clearly our results leave many questions 
unanswered (e.g., what is the underlying mechanism for the associations?), but they are highly 
original and robust (based on a large number of individuals). Our study reveals the great 
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complexity and variety of possible associations within the pace-of-life syndrome. Even after 
theoretical work on the coevolution of energetics and personality, it is still unclear as to what 
kind of relationships we expect (Houston, 2010). Indeed, by modelling rates of food intake, 
prédation, metabolism, and foraging activity, Houston (2010) came to the conclusion that if 
animals differ in metabolic rate and selection means that each animal adopts the best 
behaviour for its metabolic rate, then the correlation between metabolic rate and behaviour can 
be positive or negative. 
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CHAPITRE IV 
Autres facteurs influençant les dépenses énergétiques 
Il est maintenant clair que la personnalité est un facteur associé aux dépenses énergétiques. Il 
reste néanmoins que d'autres facteurs sont importants à considérer lorque Ton étudie les 
dépenses énergétiques d'un animal dans son milieu naturel. Dans ce chapitre je vais traiter 
d'un de ces facteurs, le parasitisme. 
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CHAPITRE IV 
ENERGETIC COST OF BOT FLY PARASITISM 
IN FREE-RANGING EASTERN CHIPMUNKS 
Description de l'article et contribution 
Alors que la saison de terrain 2007 s'achevait, j'ai réussi à trouver l'énergie nécessaire afin de 
faire des nuits supplémentaires dans le labo de respirométrie. La raison de cette motivation 
était qu'il y avait une forte prévalence des parasites au sein de la population de tamias. En 
quelques jours, j'ai récolté les données de métabolisme sur des tamias infectés à différents 
degrés par les larves de la mouche Cuterebra emasculator. Je me suis rapidement aperçu qu'il 
y avait une relation positive et très forte entre le nombre de parasites et le RMR dans la 
cohorte de juvéniles nés au printemps 2007. En y ajoutant les données de 2008, j'ai commencé 
les analyses et montré les résultats à Don Thomas. J'ai ensuite rédigé une première version qui 
a été commentée et grandement améliorée à tour de rôle par Murray Humphries et Don 
Thomas. Ce dernier nous a quittés durant l'évaluation du manuscrit, alors les révisions finales 
suite aux commentaires des arbitres ont été effectuées par Murray et moi uniquement. 
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ENERGETIC COST OF BOT FLY PARASITISM IN FREE-RANGING EASTERN 
CHIPMUNKS 
par 
VINCENT CAREAU, DONALD W. THOMAS & MURRAY M. HUMPHRIES 
Oecologia, 2010, 162: 303-312. 
Abstract 
The energy and nutrient demands of parasites on their hosts are frequently invoked as an 
explanation for negative impacts of parasitism on host survival and reproductive success. 
Although cuterebrid bot flies are among the physically largest and most-studied insect 
parasites of mammals, the only study conducted on metabolic consequences of bot fly 
parasitism revealed a surprisingly small effect of bot flies on host metabolism. Here we test 
the prediction that bot fly parasitism increases the resting metabolic rate (RMR) of free-
ranging eastern chipmunks (Tamias striatus), particularly in juveniles who have not previously 
encountered parasites and have to allocate energy to growth. We found no effect of bot fly 
parasitism on adults. In juveniles, however, we found that RMR strongly increased with the 
number of bot fly larvae hosted. For a subset of 12 juveniles during a year where parasite 
prevalence was particularly high, we also compared the RMR before vs. during the peak of bot 
fly prevalence, allowing each individual to act as its own control. Each bot fly larvae resulted 
in a -7.6% increase in the RMR of its host while reducing juvenile growth rates. Finally, bot 
fly parasitism at the juvenile stage was positively correlated with adult stage RMR, suggesting 
persistent effects of bot flies on RMR. This study is the first to show an important effect of 
bot fly parasitism on the metabolism and growth of a wild mammal. Our work highlights the 
importance of studying cost of parasitism over multiple years in natural settings, as negative 
effects on hosts are more likely to emerge in periods of high energetic demand (e.g. growing 
juveniles) and/or in harsh environmental conditions (e.g. low food availability). 
Keywords BMR • Cttterebra • metabolism • parasites • rodents 
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Introduction 
Parasites - by definition - incur a cost to their hosts (Catts, 1982; Slansky, 2007). A parasite 
that lives in or on its host feeds upon it, secures shelter from it, and can cause injury to it. 
Parasites draw their energy and nutrient needs from hosts and are thus said to be metabolically 
dependent on them. The additional energy and nutrient demand is a direct effect that may 
ultimately lead to fitness costs such as reduced growth, fecundity, and survival of individual 
hosts (Lemaître et al., 2009). Parasites may also indirectly increase energy expenditure of their 
hosts by increasing their behavioural activity (Smith, 1978) and/or activating their immune 
system (Lochmiller & Deerenberg, 2000). The combined direct and indirect effects on the 
host energy budget necessarily lead to altered patterns or trade-offs in energy allocation that, if 
they are large enough, could ultimately impact host reproductive success and survival (Burns 
et al., 200S). Given the ubiquity and biological importance of parasites it is surprising that 
their impacts on hosts' energy metabolism are still poorly understood (Degen, 2006; 
Scantlebury et al., 2007). 
One of the persistent problems in physiological ecology of parasitism is that results often 
depend on whether a study is conducted on captive or free-ranging individuals (Degen, 2006). 
In the wild, non-random exposure and/or susceptibility to parasites results in infection of hosts 
of different sizes, ages, breeding conditions, nutritional, and immunological status, with 
variable loads of parasitism. This variability creates noise that is difficult to control in natural 
settings, rendering the interpretation of any emerging correlations problematical without 
controlled experiments which are most easily performed in captivity (Scantlebury et al., 2007). 
For example, reduced body mass in free-ranging parasitized individuals could equally be a 
cause or a consequence of infestation (Boonstra et al., 1980). Although the laboratory setting 
allows rigorous experimental control of who is and who is not infected, thereby increasing 
statistical and inference power, it does not provide the same environmental challenge to 
individuals. 
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Cuterebrid bot flies (Diptera; Cuterebridae) comprise one of the most-studied groups of 
dipteran insect parasites whose larval forms infect mammals (Slansky, 2007). Typically, 
gravid bot flies lay eggs near burrow entrances of small mammals (Catts, 1982). Eggs stick to 
the passing host and subsequently hatch in response to the host's body heat. Larvae enter the 
host through the mouth, nose, eyes, or a wound, migrate to the thoracic or abdominal regions 
where they develop in a subcutaneous capsule (a warble), breathing and excreting through a 
pore through the skin. The larvae grow to maturity (~1 g) in 4-10 weeks after which they exit 
their host to pupate in the ground (Catts, 1982). Because bot flies commonly infect livestock, 
domestic animals, and sometimes humans, they have been the subject of study for over 150 
years (Slansky, 2007). 
To our knowledge, there is currently only one published study on metabolic consequences of 
bot fly parasitism (Munger & Karasov, 1994). In this study, the effect of a bot fly larva on 
adult, captive white-footed mice (Peromyscus leucopus) metabolism was "surprisingly small 
given the grotesque nature of this infection" (Munger & Karasov, 1994). Indeed, even though 
a single bot fly larva can represent up to 6% of a mouse's body mass (~17-30 g), metabolic 
rate of infected individuals was only 3% greater than that of experimentally deparasitized 
mice. One explanation for this low impact is that, despite their large size, metabolic rate of 
invertebrate heterotherms is so low that it represents a small fraction of the metabolic rate of a 
mammalian homeotherm (Lighten et al., 2001; McNab, 2002). Indeed, calculating the 
predicted metabolic rate of a 1-g arthropod at 38°C using equation 3 in Lighten et al. (2001) 
and a Qio of 2 yields an estimated metabolic rate of 2.4mW. This only represents <1% of the 
resting metabolic rate (RMR; the O2 consumption of a resting animal in its thermoneutrozone) 
of a white-footed mouse. If the magnitude of the direct effect of parasites depends on the 
relative dose (body mass of parasites relative to body mass of host), then one might expect an 
even lower direct effect of bot fly parasitism in heavier hosts such as chipmunks, squirrels, 
and hares (Slansky, 2007). 
147 
Alternatively, bot fly larvae could have a disproportionately large impact on large hosts if their 
main effect is indirect by increasing the hosts' energy outputs through physical activity and by 
activating the immune system. For example, even though ecto-parasitic fleas consume only 
0.17% of the total blood volume (the direct cost) of a desert gerbil (Gerbillus dasyurus), 
energy expenditure of the host is increased by 16% when parasitized (Khokhlova et al., 2002). 
Increases in energy expenditure are therefore necessarily related to indirect costs such as 
irritation and infection effects, of which the immune system is greatly involved. Indeed, there 
are high energetic costs to using either innate immune system or developing an adaptive 
immune reaction (Hawlena et al., 2006c; Lee, 2006; Martin et al., 2008b). When encountering 
parasites for the first time, juveniles have to mount an adaptive immune reaction while 
assuming the additional cost of somatic growth and maturation (Hawlena et al., 2005; 
Hawlena et al., 2006a). Both of these components (immune system and growth) are included 
in RMR. Compared to non-reproductive adults, juveniles could be particularly limited in their 
ability to compensate (i.e., reduce another component of their energy budget to offset the 
effect of parasitism on their RMR). Just as parasite-induced mortality can be higher in 
juveniles than adults (Hawlena et al., 2006a), growing juveniles with no immunological 
memory may be more likely than adults to show increased RMR in response to parasitism. 
Here, we study the effect of bot fly parasitism on RMR in free-ranging juvenile and adult 
eastern chipmunks (Tamias striatus). First, we explore how bot fly infection level varies with 
year, age, and sex. Second, we test whether bot fly infection increases RMR. Scantlebury et 
al. (2007) highlighted the fact that there is no generalizable framework currently available for 
predicting the energetic consequences of parasite infection. However, based on Munger and 
Karasov's (1994) results and the reasoning presented above, we predict no or only a weak 
effect of bot fly parasitism on RMR in adults. Juveniles, however, are expected to be more 
constrained in their energy budget because they have to assume both the cost of growth and 
the cost of mounting an adaptive immune response. Therefore, we predict that RMR would 
positively correlate with bot fly larvae loads in juveniles. 
148 
Material and methods 
Study site and natural history of the study population 
Our study site is a 25 ha sector located in the Ruiter Valley Land Trust in the Sutton 
Mountains, Québec (45°05' N, 72°26' W), where the chipmunk population has been closely 
monitored since 2004 (Munro et al., 2008). American beech (Fagus grandifolia) - the 
dominant canopy-forming tree species at the site - has produced mast in alternate years over 
the last five years, with mast years in 2004,2006, and 2008. 
Variation in beech mast production underlies pronounced annual differences in our study 
population's seasonal activity patterns (Munro et al., 2008), torpor expression (Landry-
Cuerrier et al., 2008) and the timing and extent of reproduction (unpublished data). 
Chipmunks capitalize on abundant seed fall during the autumn of mast years to establish large 
food hoards in their burrows (Humphries et al., 2002). In springs following mast years, most 
female chipmunks give birth to litters in early spring and juveniles emerge from the natal 
burrows in June. Because beech mast has followed an alternate-year cycle over the last five 
years at our study site, years of spring reproduction have been followed by low food 
abundance in late summer and autumn. Under these conditions, most adults terminate above-
ground activity in mid-summer and may remain below-ground until the following spring 
(Munro et al., 2008). Most juveniles, however, lack access to food hoarded during the 
previous mast, so they remain active through late summer and autumn despite prevailing food 
scarcity (Munro et al., 2008). During mast years (following non-mast years), adult females 
give birth to litters in mid-summer that emerge from the burrows in late August and 
September. Recently emerged juveniles and post-reproductive adults actively forage during 
the fall mast production to establish a food hoard in preparation for hibernation. 
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Capture and marking 
Trapping sessions were conducted from early-May through early-October in all 3 years (2006, 
2007, and 2008). Chipmunks were live-trapped daily between 08:00 h and sunset using 
Longworth traps baited with peanut butter and visited every 2 h. At first capture, individuals 
were permanently marked with numbered ear tags (National Band and Tag Company 1005-1) 
and a Trovan® PIT tag inserted in the inter-scapular region. At each capture, we noted trap 
location, body mass, sex, reproductive status, and the number of bot fly larvae. We 
differentiated juvenile chipmunks from adults based either on an initial capture within a month 
following emergence when body mass was <80g or, for individuals >80g when first captured, 
on the absence of a darkened scrotum or developed mammae (Bennett, 1972). We also 
recorded the number of conspicuous, but empty warble pores, indicating that a bot fly larva 
had recently emerged from the chipmunk, but including this information in the analyses did 
not changed the conclusions. The parasite load of an individual for a given .capture was thus 
taken as the highest number of bot fly larvae counted over multiple captures. 
All bot flies were most likely Cuterebra emasculator, as it is the bot fly species specific for T. 
striatus (Bennett, 1955). Once settled in a warble, bot fly larvae moult to a 2nd instar that 
measure up to 11 mm in length, weigh from 0.01 to O.lg and are greyish-white (Bennett, 
1955). Mature 3rd instar larvae measure up to 25mm, weigh an average of 1.15g (range 1.00 
to 1.30g), and are chocolate-brown (Bennett, 1955). The larvae we detected on chipmunks 
were all 3rd instars. 
RMR measurements 
We measured RMR of adult and post-emergent juveniles using a computerized open-circuit 
respirometry system that allowed us to measure 2 chambers simultaneously for each of two 
oxygen analyzers. Chipmunks were captured in late afternoon and transported to a nearby 
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laboratory facility at sunset. For a given metabolic run, four individuals were weighed on a 
digital balance (± O.lg; Model NIDI 10; Ohaus Corp., Switzerland) and then placed 
individually in a 650- or 850-ml plexiglass cylindrical metabolic chamber. Chambers were 
placed in a constant-temperature cabinet regulated at 30°C, which lies within the 
thermoneutral zone for chipmunks (Wang & Hudson, 1971). A manifold and four mass-
flowmeters (Sierra Instruments, Monterey, CA, Side-track model 844) provided a constant 
flow of 450 mL-min-1 of dry, CCVfree air to each chamber, as well as to two baseline 
airflows. The outflows of each chamber and the two baselines were directed to a computer-
controlled multiplexor which allowed us to sequentially sample baselines and the chambers 
using two oxygen analyzers (Model FC-1, Sable Systems International; Henderson, NV, 
USA). A 100 mL-min-1 sub-sample of baseline air or chamber outflow was dried and pulled 
through the oxygen analyzer, alternating between baseline (5 min) and the two chambers (25 
min each) over a 3.5-h period. By running two cycles between 20:00 h and 05:00 h, we were 
able to measure RMR during the resting phase for up to eight animals each night. We used the 
Sable Systems Expedata software to control the multiplexor outputs, read chamber O2 
concentration and temperatures at 1-sec intervals, correct for drift between consecutive 
baseline measures, and to calculate individual O2 consumption according to eq. 4a of Withers 
(1977). We did not scrub the chamber outflows of CO2 to provide a more accurate estimation 
of energy metabolism (Koteja, 1996b). RMR was calculated from the lowest baseline level of 
O2 consumption recorded for 5 min during a 3.5 h run. We assumed a RQ of 0.8 to convert 
data from mL O2 • min-1 to mW. 
Animals were provided with apple and peanut butter at all times other than when in metabolic 
chambers and were released at their original trap location the following morning. This 
feeding, combined with the short period for which chipmunks were held in captivity, causes us 
to classify our metabolic measurements as thermoneutral RMR rather than basal metabolic 
rate (BMR). The difference between BMR and RMR varies across taxa, but among small, 
granivorous rodents RMR typically exceeds BMR by 5-15% with the difference becoming 
negligible after 3 h of respirometry measurement (Nespolo et al., 2003b). Resting state of 
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individuals was confirmed by visual inspection of respirometry curves and animals 
themselves; animals that were still active by the end of the 3.S h respirometry run were 
excluded from the study. 
Statistical analysis 
To test the effects of year, age (adult vs. juvenile), sex, and interaction of age with sex on bot 
fly loads, we used the LMER function (R statistical package, version 2.8.1) to. fit a generalized 
linear mixed model (GLMM) with Poisson distribution (ideal for count data). This analysis was 
restricted to individuals captured at least once during die parasite season (from the first to last 
bot fly observation; see Table 1) and number of captures within the parasite season was 
included as a covariate in die model. Each individual contributed to a single observation (max 
number of bot fly observed) for a given year, but 24 individuals were observed in two 
different years. Therefore, the 422 observations included in the GLMM model were made on 
398 individuals. To make full use of the dataset we present results of the GLMM analysis on all 
observations with ID as a random factor (Table 2), accounting for the small amount of 
pseudoreplication (1.06 measures per individual). To ensure robustness, we also ran two 
generalized linear models, similar to the GLMM but on the full dataset without ID as random 
factor, and on a slightly reduced dataset with one observation per individual randomly 
selected. All three models yielded similar results, so only the GLMM is presented below. 
We ran multiple regression analyses for adults and juveniles separately to test for the effect of 
bot fly larvae on RMR. In each multiple regression model, we tested the predictive power of 
the number of bot fly larvae hosted on RMR (log-transformed) with body mass (log-
transformed), year, and sex as covariates and all possible two-way interactions (Table 3a and 
b). We also tested whether bot fly parasitism at the juvenile stage (in 2006 and 2007) was 
correlated with RMR at the adult stage when non-parasitized (in the following spring 2007 and 
2008, respectively; Table 3c). To simplify full factorial models, variables were rejected from 
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the multiple regression models in a backward procedure until only significant variables (and 
non-significant main effects contributing to significant interactions) remained in the model. 
Like most field studies relying on naturally infested individuals, there is a problem in 
interpreting correlative results because bot fly infection may not occur randomly among 
individuals. In our case, individuals with high RMR may have physiological or behavioural 
characteristics (Careau et al., 2008) that increased their predisposition to bot fly infection, and 
then we would erroneously conclude that bot fly larvae are responsible for the increase in 
RMR during September. To rule out this possibility, we used a GLM analysis with a 
quasipoisson distribution (to compensate for overdispersion when using Poisson distribution) 
to test the predictive power of RMR during the pre-parasite season (July) on bot fly loads 
during the parasite season, including body mass, sex, and number of time captured during the 
parasite season as covariates. The analysis was restricted to 37 juveniles for which we 
measured RMR in July and that were captured at least once during August and September 
2007 (i.e. for those we had a chance to count their parasites). 
We checked repeatability of RMR and mass-adjusted RMR following Lessells & Boag (1987) 
for juveniles with repeated measures of RMR (in 2007 only). Intraclass coefficients of 
correlation (T) were computed from variance components either derived from an ANOVA with 
individual identification as a grouping factor, or an ANCOVA with body mass as additional 
covariate. The latter analysis provided repeatability of RMR variation independent of body 
mass variation. 
For a subset of 12 juveniles on which we measured RMR before and during the parasite 
season of 2007, we tested whether change in RMR and body mass from the pre-parasitized to 
the parasitized period was related to parasite load. We ran multiple regression models with 
RMR or body mass during the parasite season as dependent variables, number of bot fly larvae 
as an independent variable, and RMR or body mass during the pre-parasite season as 
covariates. 
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Because the body mass of each larvae is included in our measure of chipmunk body mass -
but will inevitably leave its host - we corrected host body mass by subtracting lg for each bot 
fly larvae in all analyses (sensu Cramer & Cameron, 2006; Lemaître et al., 2009). When 
analyses on body mass and (bot fly) corrected body mass yielded similar results, we present 
results using corrected body masses only, but present results from both analyses in case of 
disagreement. 
Results 
Seasonal activity and bot fly infestation patterns 
Seasonal activity and reproductive patterns of chipmunks from 2006-2008 varied according to 
mast occurrence (Table 1). In both mast years (2006 and 2008), adults mated in June and the 
first juvenile was captured in late-August. Adults and recently-emerged juveniles remained 
active throughout late summer and autumn 2006 when they were heavily engaged in larder 
hoarding the abundant seed crop. The first case of bot fly parasitism was noted in late-July, 
prevalence peaked in late-August, and lasted until late-September/early-October (the "parasite 
season"). 
In the non mast year of 2007, adults mated in March and the first capture of an emerged 
juvenile occurred on May 19. New juveniles continued to appear above-ground well into 
June. Meanwhile, above-ground activity of adults dropped abruptly around June 20, remained 
very low in July, and ceased before the parasite season. Activity of juveniles, however, 
remained high until October despite the lack of beech mast production. Observations of bot 
fly parasitism in autumn 2007 were therefore restricted to juveniles only. 
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Table 1 Descriptive statistics of annual variation in food abundance, timing of juvenile 
emergence, and occurrence of bot fly parasitism in eastern chipmunks at Ruiter Valley, 
Quebec. "The period between the first to last occurrence of parasitism is referred to as 
the parasite season. Each individual's bot fly load is defined as the maximum number of 
larvae counted during a single capture. 'The 422 observations included in this table 
were made on 398 individuals (24 individuals contribute to two years). 
Year Food First Occurrence of bot fly Total number of individuals Mean (range) bot fly 
juvenile parasitism captured during the parasite loads in infected 
to season (% infected) individuals 
emerge . 
first peak last juveniles adults juveniles adults 
2006 mast Aug. 29 
July 
26 
Aug. 
25 
Sept. 
27 49 (29%) 66 (65%) 1.36 (1-3) 2.09 (1-5) 
2007 
no 
mast May 19 
Aug. 
7 Sept. 1 Oct. 3 61 (77%) 0 (-) 2.6 (1-6) . 
2008 mast Aug. 28 
July 
28 
Aug. 
31 
Oct. 
15 154 (21%) 92 (38%) 1.06 (1-3) 1.49 (1-3) 
The GLMM analysis revealed significant effects of sex, year, and interaction of sex with age on 
number of bot fly larvae (Table 2). Overall, parasite loads were higher in males than females, 
but the significant Sex x Age interaction indicates that gender difference was more pronounced 
in adults than juveniles (mean ± SE number of bot fly larvae: adult females 0.64 ± 0.11, n = 
75; adult males 1.13 ± 0.14, n = 83; juvenile females 0.50 ± 0.09, « = 111; juvenile males 0.78 
± 0.11, n - 153). Parasite loads varied strongly between years (Table 1). In the non-mast year 
of2007, juveniles had parasite loads that were twice as high as loads in the two mast years of 
2006 and 2008. 
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Table 2 Generalized linear mixed model (with Poisson distribution) estimates for fixed 
effects of sex (males vs. females), age (juveniles vs. adults), year (2006-08), interaction of 
sex with age, and total number of captures within the parasite season on bot fly 
parasitism in eastern chipmunks, Ruiter Valley, Quebec. Bot fly parasitism for each 
individual was defined as the maximum number of bot fly larvae observed during 
multiple captures within the parasite season. 
Estimate SE Z P 
Intercept -0.661 0.229 -2.892 0.0038 
Sex (males) 0.998 0.235 4.245 <0.0001 
Age (juvenile) -0.331 0.289 -1.144 0.2524 
Year (2006 vs. 2007) 1.261 0.218 5.794 <0.0001 
Year (2006 vs. 2008) -0.969 0.170 -5.699 0.0002 
Number of captures 0.024 0.006 3.771 <0.0001 
Sex X age -0.817 0.308 -2.653 0.0080 
Effects of bot fly on RMR: adults vs. juveniles 
The effect of parasite loads on RMR differed between adults and juveniles. Among adults 
measured in August-September 2006 and 2008 (« = 14 and 64 adults, respectively), RMR 
varied with body mass and sex, but not with year or the number of bot fly larvae (Table 3a). 
We were unable to assess the influence of bot fly parasitism on RMR in adults during 2007, 
because all adults disappeared below ground prior to the first observation of bot fly larvae of 
the year, which occurred only on juveniles. Among juveniles measured in September-October 
of 2007 (n = 17) and 2008 (» = 31), RMR varied significantly with year, body mass, and 
number of bot fly larvae (Table 3b). RMR strongly increased with number of bot fly larvae 
(Fig. 1). The significant interaction Body mass x Number of bot fly larvae (Table 3b) indicates 
that the effect of bot fly larvae on RMR was stronger in small than in large individuals. 
Bot fly parasitism at the juvenile stage was significantly and positively correlated with RMR 
at the adult stage when non-parasitized (Table 3c; Fig lb). 
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Table 3 Linear model estimates for effects of year, body mass, sex, and number of bot 
fly larvae hosted on resting metabolic rate (RMR, in mW, log-transformed) in a adult 
and b juvenile eastern chipmunks, Ruiter Valley, Quebec 2006-2008. A link was tested 
between parasitism at the juvenile stage and adult RMR when non-parasitized. 
Estimate SE df F P 
a) Adults in autumn 2006 and 2008 (model /t2 = 0.23): 
Log RMR-
Sex 0.026 0.009 1,75 8.24 0.0053 
Log (body mass) 1.104 0.289 1,75 14.55 0.0003 
b) Juveniles in autumn 2007 and 2008 (model R1 0.62): 
Log RMR-
Year -0.082 0.010 1,43 68.13 <.0001 
Log (body mass) 1.045 0.214 1,43 23.79 <.0001 
Number of bot flies 0.037 0.007 1,43 31.32 <.0001 
Log (body mass) X Number of bot flies -0.314 0.1399 1,43 4.12 0.0289 
c) Adults in spring 2007 and 2008 (model R1 = 0.78): 
Log RMR-
Year 0.087 0.028 1,15 10.11 0.0062 
Log (body mass) 1.014 0.439 1,15 5.34 0.0354 
Bot fly parasitism at the juvenile stage 0.070 0.022 1,15 10.72 0.0051 
Repeatability of RMR and susceptibility to parasites in juveniles 
In July and August 2007, we obtained two separate RMR measurements for 12 non-parasitized 
juveniles (time elapsed between the two measurements averaged IS days, range 7-23 days). 
Both RMR and mass-adjusted RMR were repeatable in juvenile chipmunks (RMR: x = 0.48; P 
= 0.04; mass-adjusted RMR: T = 0.50; P = 0.04). 
Juveniles with a high RMR were not predisposed to higher bot fly loads than low-RMR 
juveniles. Among 37 juveniles in 2007 for which we measured RMR during the pre-parasite 
season (in July, prior to the presence of bot fly larvae) and checked larval loads on at least one 
capture during the parasite season, the number of times captured was the only variable that 
significantly predicted the maximum number of bot fly larvae observed (z = 2.23; P = 0.03) 
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which probably reflects the probability of capturing individuals and measuring their parasite 
loads during the peak of parasite prevalence. Maximum larval load was not significantly 
related to RMR or body mass prior to infection, or sex (|zj < 0.8; P > 0.05 in all cases). 
RMR during pre-parasite vs. parasite season in juveniles 
In a model controlling for RMR during the pre-parasite season, number of bot fly larvae was 
significantly related to RMR during the parasite season (Fin = 8.41; P = 0.02). Juvenile 
chipmunks with the highest larval loads were characterized by the largest increases in RMR 
(Fig. 2a; regression equation: change in RMR (mW) = -104 + 56*number of bot fly larvae). 
Most juveniles gained mass from the pre-parasite to parasite season, with no effect of number 
of bot fly on change in mass (Fi.n = 1.80; P = 0.21). However, when 1 g is subtracted for 
each bot fly, a negative relationship emerges between number of bot fly larvae and mass gain 
(Fig. 2b; Fj.u = 5.7; P = 0.04; regression equation: change in body mass (g) = 4.05 -
2.46*number of bot fly larvae). 
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Fig. 1. a Standardized resting metabolic rate (RMR, in mW, log-transformed; residuals 
from the lineal model in table 3b with the term "number of bot flies" removed) as a 
function of number of bot fly larvae hosted in juvenile eastern chipmunks in September-
October 2007 and 2008. Points are mean ±SE for each of the parasite load classes and 
sample sizes are indicated on the X axis, b Standardized RMR at the adult stage 
(residuals from the lineal model in table 3c with the term "Bot fly parasitism at the 
juvenile stage" removed) as function of bot fly parasitism at the juvenile stage. Points 
are mean ±SE and sample sizes are indicated on the X axis. 
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Fig. 2. Change in a resting metabolic rate (RMR in mW) and b body mass (in g) from 
July (pre-parasite season) to September (peak of bot fly prevalence) as function of the 
number of bot fly larvae hosted during the parasite season in juvenile eastern chipmunks 
in summer 2007. Body mass in September is corrected to account for the mass of bot fly 
larvae by subtracting lg per larvae hosted. Each symbol refers to a different individual 
in both graphs. 
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Discussion 
As already reported in many host-parasite systems (Krasnov et al., 2005), we found that males 
were more heavily parasitized than females. This gender bias, however, was more pronounced 
in adults than juveniles. More importantly, we found that bot fly larvae did not significantly 
increase RMR in adult chipmunks but, as predicted, we found a significant increase in RMR 
for juveniles infected with bot fly larvae. Based on the slope of the relationship between 
change in RMR and the number of botfly larvae (Fig 2a) and the mean RMR in an non-
parasitized juvenile of 80g (752 mW, or 65 kJ per day), each additional bot fly larvae resulted 
in a -7.6% increase in the RMR of its host. Thus, a juvenile supporting a parasite load of 4 
larvae is expected to have an RMR roughly 227 mW or 227 kJ per day greater than a non-
parasitized individual. For an 80g individual having a field metabolic rate of 1447mW (or 125 
kJ per day; unpublished data), this translates to a 16% increase in energy expenditure. This 
increase in daily energy expenditure may underlie the negative effect of bot flies that we 
observed on juvenile growth. Indeed, a juvenile parasitized with 4 bot fly larvae looses ~5g of 
body mass from late-July to early-September, whereas a non-parasitized individual gains ~5g 
during that same critical period (Fig. 2b). For a typical 80g juvenile, this 10 g difference 
represents a 12.5% difference in body mass. To our knowledge, this is the first study to show 
such a strong and persistent effect of bot fly parasitism on host RMR and growth rate in a free-
ranging population. Furthermore, we have been able to impose a certain degree of statistical 
control by (/) showing that RMR is repeatable in non-parasitized juveniles (it) comparing 
RMR before and during bot fly infection (thus using individuals as their own controls), and 
(///) showing that individuals with a high RMR in mid-summer were not predisposed to higher 
bot fly loads during autumn. Thus, it appears that the correlation between RMR and bot fly 
parasitism is not a sampling artefact, but rather reflects direct and/or indirect metabolic costs 
of bot fly parasitism at the juvenile stage. 
In the only previously published study on the topic, Munger and Karasov (1994) showed that 
infection by a single bot fly larva raised metabolic rate by only 2.9% in white-footed mice, a 
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host that is 4 times smaller than the eastern chipmunk (20g vs. 80g). The difference between 
Munger and Karasov's (1994) and our study may be attributable to several factors that are not 
necessarily mutually exclusive. First, even though their sample consisted of wild-caught adult 
individuals, these were held in laboratory and fed ad libitum over the course of the study (see 
Degen 2006 for a review of the differences in laboratory vs. field studies). Second, Munger 
and Karasov (1994) averaged metabolic rate over 24-h periods which included periods of 
activity (i.e., not RMR). When they restricted the comparison to the inactive phase for the 
mice (light hours only), the mean decrease in metabolic rate due the removal of the bot fly 
larva increased from 2.9% for the 24-h period to 5.3% for the resting phase. Thus, the main 
effect of bot fly infestation may be on resting metabolism (this study) rather than active 
metabolism (as in Munger and Karasov 1994). A third reason why we detected a much 
stronger effect of bot flies on metabolic rate than Munger and Karasov (1994) is that they 
compared metabolic rate during and after infection with a single bot fly larva, whereas we 
compared before and during the infection by multiple bot fly larvae (0 to 4). By measuring 
metabolic rate within 4-8 d of experimental removal of the bot fly larva, Munger and Karasov 
(1994) adequately controlled for direct effects, but did not necessarily take indirect effects into 
account. Because the effects of bot fly on the host's immune system and/or behavioural 
activity can last 1-2 weeks after larval emergence (Hunter & Webster, 1974; Smith, 1978), 
their measures likely include a persistent immune response that was not included in our before 
and during infection contrast. Therefore, we believe that the much larger effect that we 
measured for a single bot fly larva could be attributable to indirect effects. McKinney and 
Christian (1970) reported that chipmunks infested with bot fly larvae had enlarged spleens, an 
observation also reported in many other host species (Clough, 1965; Payne & Cosgrove, 1966; 
Timm & Cook, 1979). Because the spleen is a metabolically-active organ, increased spleen 
size would result in an increase in mass-corrected RMR (Selman et al., 2001). Thus, available 
evidence suggests that the primary effect of bot fly infection is associated with their indirect 
effect on the immune system. 
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It is interesting to note that bot fly parasitism at the juvenile stage have a persistent effect on 
RMR, as we found that RMR in non-parasitized adults is positively correlated with bot fly 
parasitism at the juvenile stage. This result does not appear to be a sampling artefact because 
individuals with high RMR as juveniles, and thus susceptible to having high RMR as adults, 
were not more susceptible to bot fly infection. What mechanisms underlie this persistent 
effect on RMR up to eight months following the emergence of bot fly larvae remains to be 
determined, but it could involve adaptive developmental plasticity of the immune system 
(Lindstrôm, 1999). Exposure to parasites during development could permanently up-regulate 
some components of the immune system that contribute significantly to RMR. Alternatively, 
compensatory growth of parasitized juveniles after the parasite season could result in 
persistent elevation of RMR into adulthood, as compensatory growth has been shown to have 
a persistent effect on RMR (Criscuolo et al., 2008). 
The increased energy demand associated with bot fly infections - irrespective of whether it is 
due to the larva itself or activation of the immune system - will ultimately involve a trade-off 
with other traits if a fixed amount of energy or nutrients have to be allocated between 
competing functions. Accordingly, body mass gain from July to September was greatly 
reduced in parasitized juveniles with low access to food during a non-mast year (Fig. 2b). As 
suggested by Boonstra et al. (1980), depression of growth may be a general result of bot fly 
parasitism in microtines. The strong impact of bot fly parasitism on RMR in juvenile 
chipmunks suggests that growth depression of infested individuals can be explained by the 
diversion of resources (energy) from growth to immunity and, to a lesser extent, the 
development of the parasite itself. Life-history theory predicts that the same reasoning should 
also apply for other combinations of competing and energy-demanding functions, such as 
reproduction and survival (Stearns, 1992). In white-footed mice for instance, bot fly 
parasitism diverts energy from reproduction to maintenance, a life-history trade-off that offers 
an explanation to the apparently contradictory observation that bot fly parasitism increases 
survival of this host species (Burns et al., 200S). In the case of growth depression in juvenile 
chipmunks, however, it is unlikely that increased investment in body maintenance at the 
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expense of growth will ultimately lead to increased long-term survival, as the cost of 
parasitism at an early developmental stage may have long-term negative consequences on 
survival and reproductive performance (Lindstrôm, 1999). Indeed, Hawlena et al. (2006a) 
suggested that it may be common in nature to observe higher parasite-induced mortality of 
juveniles compared with adults. Preliminary data from our population seem to indicate that 
parasitized juveniles have a lower return rate the following year, but we await a larger sample 
size to confirm this trend. 
Our data from 2006-2008 indicate that bot fly loads vary greatly between years, with a 
consequent variation in their impact on metabolic rate and growth. Although the duration of 
our study precludes statistical testing of this inter-annual variation, it is noteworthy that the 
two years where parasite prevalence and loads were low (see Table 1) were both mast years. 
In the non-mast year of 2007 when juveniles emerge early in the season and experience low 
food availability, parasite prevalence was substantially higher (77% of individual infected vs. 
25%) as were parasite loads (2.6 larvae per individual infected vs. 1.21). Elevated parasite 
loads in 2007 could result from differences in activity pattern (early emergence of juveniles) 
or reduced immunity, but, in either case, susceptibility to bot fly infection is intimately linked 
with mast production. Male-bias in adult parasite loads may also be tied to activity patterns 
associated with male reproductive strategies (mobility and spatial behaviour, see Krasnov et 
al., 2005), which are in turn related to mast production because mating typically occurs in June 
during mast years. We have already shown that the biannual mast cycles shape above-ground 
activity patterns in eastern chipmunks (Munro et al., 2008) as well as the physiological 
regulation of body temperature and the expression of torpor during winter (Landry-Cuerrier et 
al., 2008). If this trend towards high parasite infestation in non-mast years is confirmed in 
upcoming years, it will provide further evidence that mast cycles may be the primary driver of 
most demographic and physiological parameters of this chipmunk population. 
While many studies have shown that ectoparasitism is energetically costly for active hosts 
(Degen, 2006), few have showed such an effect in resting hosts (Devevey et al., 2008). Here, 
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we have shown that although bot fly larvae had no effect on RMR in adult chipmunks, bot fly 
parasitism not only increases RMR and decreases growth rate in juveniles, but that it also 
appears to have a metabolic effect that persists into adulthood. Between-year variation in bot 
fly burdens suggests that certain cohorts may be more affected than others (Hawlena et al., 
2006b). Our work highlights the importance of studying the cost of parasitism over multiple 
years in natural settings, as negative effects on hosts are more likely to emerge when harsh 
environmental conditions, such as during non-mast years, are combined with periods of high 
energetic demand, such as during growth and reproduction. 
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CONCLUSION 
Atteinte des objectifs 
D'après les chapitre I, II et III, il semble assez convaincant que la personnalité soit intimement 
reliée aux dépenses énergétiques et il est raisonnable de penser que ces associations 
représentent des adaptations. Cependant, le fait que les relations entre les continuums « slow-
fast » vs « reactive-proactive » sont parfois positives, parfois négatives, nous indique que 
notre compréhension reste incomplète. Peut-être existe-t-il certaines contraintes (physique, 
temporelle, phylogénétique, etc.) qui agissent dans certains taxons et qui changent les 
possibilités d'associations entre les variables? Peut-être qu'au niveau génétique il y a des 
facteurs intrinsèques qui dictent une relation positive (les proactifs sont « rapides »), mais que 
l'environnement dicte une relation inverse, de sorte que l'on obtient différentes relations en 
fonction de l'importance relative des facteurs génétiques vs environnementaux sur les traits 
étudiés? On peut y croire, puisque dans les deux cas où j'ai obtenu une relation positive 
(chapitres lib sur les chiens et Illa sur la souris) l'effet de la génétique est relativement plus 
important que dans les deux cas où j'ai obtenu une relation négative (chapitre lia sur les 
muroïdes et Illb sur le tamia). Je pense que les liens entre personnalité et métabolisme 
resteront ambigus tant et aussi longtemps que nous ne découvrirons pas le(s) mécanisme(s) 
sous-jacent(s) aux associations. Alors qu'il est relativement facile d'élaborer des scénarios 
adaptatifs expliquant les causes ultimes aux associations entre personnalité et métabolisme, il 
est plus difficile de déterminer (et de réaliser) la série d'expériences nécessaires afin de 
résoudre les causes proximales. La résolution de tels mécanismes relève du domaine de la 
physiologie évolutive (Garland & Carter, 1994). 
Autant l'éclectisme de ma thèse la rend originale qu'elle en augmente sa complexité. Plus la 
science évolue vers le complexe, plus il faudra accumuler de connaissances avant de se risquer 
à synthétiser l'ensemble des résultats. Depuis Auguste Comte (1798-1857) les philosophes 
classent les sciences comme de plus en plus complexes de la mathématique (pur 
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raisonnement), à la physique (prend en compte la matière), à la biologie (apparition de la vie), 
à la psychologie (nouvelle dimension de la pensée) et enfin la sociologie (ultime complexité 
du nombre des êtres pensants). Puisque la théorisation suit une démarche inverse de la 
complexité, il est naturellement difficile d'introduire un concept tiré de la psychologie (la 
personnalité) et d'en faire rapidement une théorie en biologie (Cabanac, 1996). Je crois qu'il 
est encore trop tôt pour proclamer la généralité du syndrome train-de-vie au niveau individuel. 
Entre autres, il n'est toujours pas totalement clair ce qu'on mesure exactement avec le test de 
l'environnement nouveau, car il semble qu'on peut obtenir des résultats complètement 
différents suivant de la longueur du test (Montiglio et al., 2010). 
Aiasdair I. Houston a récemment revu le débat suscité par Stephen J. Gould sur les 
pendentives de San Marco (Gould & Lewontin, 1979). Houston (2009) conclu que les 
pendentifs ne sont pas nécessairement des contraintes dans le sens géométrique initialement 
utilisé par Gould. Houston (2009) démontre avec aisance comment la majorité des 
affirmations de Gould à propos des pendentifs de San Marco sont fausses et qu'il est 
raisonnable de penser que les pendentifs sont des adaptations architecturales qui augmentent la 
stabilité de la structure et qui ont probablement été choisies parmi plusieurs alternatives, car 
elles permettaient l'exposition des dessins. Cela démontre à quel point il peut être difficile de 
parvenir à un commun accord lorsqu'il est question de déterminer si une caractéristique 
représente une adaptation ou pas. Il est très intuitif de penser que le syndrome du train-de-vie 
représente une adaptation, mais il faut toujours se rappeler qu'il peut aussi être le résultat de 
contraintes. 
Originalité et importance des contributions 
L'idée d'un lien personnalité-métabolisme n'est peut-être pas si originale. Environ 1S ans 
avant l'écriture du chapitre I, un groupe de physiologistes évolutifs, justement, ont souligné 
l'importance d'étudier la variation individuelle en comportement, de déterminer son degré de 
consistance dans le temps ou à travers les situations et ont pensé à relier le comportement de 
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locomotion dans une arène ouverte à une mesure physiologique, le métabolisme maximal 
(Friedman et al., 1992). La physiologie et le comportement sont depuis longtemps vus comme 
des champs de recherche hautement complémentaires en écologie et en évolution 
(Bartholomew, 1964; Cabanac, 1996). La plupart des mécanismes physiologiques - incluant la 
circulation d'énergie - peuvent être modulés par des réponses comportementales. D'une part, 
les physiologistes reconnaissent que le comportement est une façon extrêmement efficace pour 
relever les défis environnementaux. D'autre part, les écologistes du comportement ont compris 
l'importance de l'énergétique dans le contexte des décisions comportementales et des 
stratégies d'histoire de vie. En effet, l'approche énergétique est à la base même des théories 
d'approvisionnement optimal et d'allocation des ressources au cours d'une vie. Il est intuitif 
d'invoquer des explications énergétiques pour un comportement donné, mais difficile de 
mesurer les dépenses énergétiques sur le terrain. Ainsi, les explications énergétiques au 
comportement restent trop souvent sur des suppositions ou hypothèses non vérifiées 
(Speakman, 1997). 
La principale contribution de ce doctorat est de faire en sorte que les mesures énergétiques 
accompagnent la révolution que le concept de personnalité amène en écologie 
comportementale. Le chapitre 1 a stimulé des recherches partout à travers le monde, incluant 
les plus grands laboratoires de recherche en physiologie (John R. Speakman, Karol Zub, Pawel 
Koteja, Craig Willis) et en comportement (Alasdair I. Houston, Allison Bell, Peter Biro). Dans 
les prochaines années, il y aura des articles sur les liens entre le métabolisme et la personnalité 
chez lia souris MF-1 (Jonh R. Speakman, communication personnelle), le campagnol nordique 
(Lantovà et al., 2010), le dègue du Chili Octodon degus (Carolina Saavedra, communication 
personnelle) et la mésange charbonnière (Bouwhuis et al., 2006). Il y a également un article 
récent qui traite spécifiquement de l'idée que ce sont les différences en métabolisme qui 
causent le maintien des différences comportementales (Biro & Stamps, 2010). Il existe 
également un article théorique, inspiré du chapitre I, démontrant que l'interaction entre la 
physiologie et le comportement est un facteur crucial à considérer en évolution (Houston, 
2010). 
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Directions futures 
Il existe encore plusieurs avenues possibles afin d'explorer les liens entre la personnalité et les 
dépenses énergétiques. Bien sûr, il faut tester cette hypothèse sur d'autres modèles d'étude, 
particulièrement les insectes et les oiseaux. Les organismes ectothermes sont hautement 
intéressants, car on peut « manipuler » leur métabolisme via l'effet de la température (Qio). U 
serait intéressant de coupler des mesures de comportement et métabolisme à différentes 
températures ambiantes afin de tester si le comportement et le métabolisme des individus 
changent en concert avec la température ambiante (Biro et al., 2010). 
Puisque le chien est maintenant le meilleur ami du généticien, il est maintenant possible 
d'identifier le(s) gène(s) responsable(s) des variations en personnalité. Il a été récemment 
démontré que très peu de gènes sont responsables pour la grande variation des traits 
morphologiques tels que la longueur, texture et couleur du poil, longueur des pattes et du 
museau, et la taille corporelle (Boyko et al., 2010). Le patron génétique retrouvé dans cette 
étude démontre que les chiens ont subi deux goulots d'étranglement majeurs : le premier lors 
de la domestication et un second lors de la sélection des différentes races. Ces résultats 
renforcent l'idée que les éleveurs européens d'il y a environ 400 ans ont entamé une 
expérience de sélection artificielle bien contrôlée et surtout bien répliquée et que les races de 
chiens existantes aujourd'hui sont très utiles pour étudier les processus évolutifs. La question 
suivante est : « Quels gènes sont responsables de la variation en personnalité (typique de 
chaque race) et y en a-t-il en commun avec des traits morphologiques et physiologiques »? Le 
chien n'est pas la seule espèce domestique qui soit potentiellement utile afin d'élucider la 
question. En effet, le pigeon est présentement sous la loupe de Mike Shapiro, un biologiste qui 
a produit une phylogénie des races de pigeons en cherchant à savoir quels sont les gènes 
responsables de la variation en couleur du plumage. Ainsi, le pigeon pourrait s'avérer un 
modèle d'étude utile afin d'étudier les effets de la sélection artificielle sur les caractères 
sexuels secondaires sur la personnalité et dépenses énergétiques. 
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Une autre espèce potentiellement utile est la souris domestique (Mus musculus), un modèle de 
recherche puissant en sciences biomédicales et qui est de plus en plus usilisé dans le domaine 
de l'évolution (Konarzewski & Diamond, 1995). Les nombreuses lignées de souris 
consanguines sont d'excellents modèles pour explorer les mécanismes génétiques de 
l'évolution du comportement et de la physiologie. Ces lignées consanguines sont créées par 
des accouplements continus entre frères et sœurs, ce qui résulte en >98% d'homozygotie 
(chaque membre d'une lignée sont génétiquement identiques) (Vinyard & Payseur, 2008). 
Ainsi, les différences phénotypiques entre les individus d'une même lignée sont causées par 
l'environnement, alors que les différences entre les lignées reflètent des différences génétiques 
(Lightfoot et al., 2004). Il est donc possible de décomposer la variance des traits en 
composante génétique vs environnementale et de tester la présence d'interactions entre gènes 
et environnement. Une quantité importante d'information est disponible sur le site Mouse 
Phenome Database (http://phenome.jax.org/) et ce, sur le comportement (open field, docilité), 
la morphologie (masse corporelle, couleur du pelage), la physiologie (dépenses énergétiques, 
globules blancs, taux de prolifération des cellules) et biodémographie (âge à la première 
reproduction, taille de portée, longévité) de plusieurs lignées. Ces variables n'attendent qu'à 
être mises en relation l'une ave l'autre afin de tester le syndrome train-de-vie. Il serait aussi 
possible de combiner la phylogénie à des analyses de génétiques quantitatives (figure 1). 
Une autre avenue de recherche, celle de la physiologie évolutive, sera de tenter d'élucider les 
mécanismes responsables pour les corrélations entre physiologie et comportements. La 
première possibilité serait de tester si la personnalité et les dépenses énergétiques sont 
influencées par des systèmes hormonaux en commun. Il est également essentiel d'utiliser des 
méthodes expérimentales telles que les expériences de sélection artificielle (Garland & Rose, 
2009). Il serait alors intéressant d'étudier les liens entre la personnalité et le métabolisme dans 
les lignées sélectionnées pour leur activité sur la roue d'exercice (Garland et al., 2010; Jonas et 
al., 2010). Les 4 lignées sélectionnées ainsi que les 4 lignées contrôle représentent un attrayant 
système d'étude afin intégrer le lien physiologie/comportement avec une nouvelle théorie en 
écologie animale, celle de la limite à la dissipation de la chaleur (Speakman & Krôl, 2010). 
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Figure 1 : La phylogénie de 43 lignées de souris consanguines obtenue d'après Petkov et 
al. (2004) et modifiée selon Grafen (1989) qui pourrait poteptiellement être utilisée afin 
d'étudier l'effet de la génétique vs environnement sur plusieurs traits impliqués dans le 
syndrome train-de-vie. 
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